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Abstract

Communication between chips on integrated packages takes place using conduct-

ing wires, vias, microwave transmission lines, inductive and capacitive coupling.

Inductive and capacitive coupling for data transfer is impractical for high data

rate chip-to-chip communication because of limited scalability and poor perfor-

mance caused by chip misalignments. Therefore, the solution to overcome this

bottleneck is the usage of wireless transmission of information for chip-to-chip or

inter-chip communication. Chips are packaged within metal encasing or metal

enclosures with electronic circuitry acting as a source of scatterers with a natural

tendency to form LOS and NLOS scenarios. Wireless communication between

chips under this scenario forms a reverberant cavity where attenuated and phase-

shifted multipath fading signals can arrive from directions at different time de-

lays. Such an environment has a high potential to exhibit rich multipath fading

characteristics. Therefore, extensive channel measurements are necessary for the

statistical characterization of the wireless chip-to-chip channel. An SDR based

2x2 MIMO communication link is created to perform measurements in the mode-

stirred metal enclosure by keeping in mind the fact that wireless chip-to-chip com-

munication is a reverberant environment. Wireless chip-to-chip communication

takes place in a confined environment with distance and form-factor limitations.

These limitations further aggravate MIMO wireless chip-to-chip communication

pushing MIMO communication to use closely spaced transmit and receive an-

tenna elements. Because of form-factor and design limitations, transmit and

receive antenna arrays are placed in the near-field of each other. Therefore, the
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best effort has been made to develop a 2x2 MIMO communication link using SDR

based testbed and recreate this environment in a mode-stirred metal enclosure.

MIMO channel measurements are conducted in LOS and NLOS multipath fad-

ing scenarios in the presence of transmitting and receiving antenna correlations.

QPSK digital receiver has been used to understand the near-field link based on

BER performance and EVM measurements in a mode-stirred environment. SDR

based 2x2 MIMO communication link is tested in metal enclosure in LOS and in

NLOS environment when it’s empty and when it was loaded with RF absorbers.

Two channel BER and EVM results were extracted in LOS and NLOS scenarios

both in presence of RF absorbers and in absence of RF absorbers. The experi-

ment for 2x2 MIMO communication link was also repeated in presence of MIMO

interference. From the measurements it was shown that the two USRP channel

BER and EVM decreases with the increase in Tx interference gain.
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Chapter 1

Introduction

1.1 Wireless Chip-to-Chip communication

Wireless chip-to-chip communication has gained attention from researchers world-

wide due to increased transistor integration and availability of large number of

cheap devices and thrust for high data rates. The need for short-range communi-

cation such as board-to-board communication, chip-to-chip communication and

intra-chip communication has increased. There are many technological advance-

ments yet to progress in the areas of antennas, materials and channel modeling

for the realization of wireless chip-to-chip communication. Wireless chip-to-chip

communication is a complex propagation environment with all possible propa-

gation scenarios similar to real-world mobile communication. However, there

are many technical challenges to realize wireless chip-to-chip communications.

Extensive channel modeling and wireless communication system measurements

tailored to wireless chip-to-chip communication are necessary. Recently, channel

modeling measurement campaigns have investigated wireless chip-to-chip chan-

nels in desktop size metal enclosure of dimension 30.5 cm×30.5 cm×9.6 cm [1] [2]

where the authors have measured power delay profiles and frequency correlation

functions. The channel modeling has been performed at 300 GHz in Terahertz

spectrum. THz part of the electromagnetic spectrum can offer high bandwidth

to support high data-rate wireless links. however, it is susceptible to molecular
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absorption and high path loss because of blockages. The channel modeling is

performed using single Tx and Rx antennas in metal enclosure. However, there

is need to investigate THz communication systems in metal enclosure for tar-

geted end-to-end system performance. This is a very challenging task not only

from hardware perspective but also baseband processing of real-time data. High

data-rates and spectral-efficiency and energy-efficient modulation and PHY layer

techniques along with usage of multi-antenna techniques can be used for WC2C

links. The wireless links on chip or among multiple chips can take place in highly

reflective environment or in complex electromagnetic environment in presence of

materials with different electromagnetic properties. In addition spectral-efficient

modulation techniques the increased spectral-efficiency can be achieved by using

multiple antennas at the transmit and receive side. Authors in [3] have designed

RF data transmission for inter-chip communication in the near-field. the authors

have designed monopole antenna and done experimental demonstration using

VNA. The authors have measured BER values of 10−4 and 10−10 at distances of

0.3175 cm and 0.635 cm respectively. In another study [4] authors have demon-

strated integrated OOK transceiver for wireless chip-to-chip communication and

they have demonstrated a BER of 10−12 for transmit power of 6.8 dBm. The mea-

surements were conducted at 210 GHz in the far-field at a distance of 1 cm using

integrated single transmit and single receive antenna. The introduction of new

knowledge domain of intelligent reflecting surfaces can foster the implementation

aspects of wireless chip-to-chip communication [5]. Intelligent reflecting surfaces

consists of low-cost passive reflecting elements which can change the amplitude

and/or phase of the impinging EM waves [6][7]. The progress in the miniatur-

ization of the passive elements and increased phase-shift resolution can increase

the performance of wireless chip-to-chip channels. Transistor integration continue

every year. This is predicated by Moor’s law as shown in Fig.1.1. Moore’s law

says that the number of transistors in integrated circuits (ICs) doubles every two

year. This means more chips shall be available to perform specific task in many of

2



Figure 1.1: Moore’s Law [8]. Moore’s law introduced by Gordon Moore in 1965
and it’s valid until today. Lately, Moore’s law has remained in news highlights
that it’s going to be dead. However, chip maker companies have kept the Moore’s
alive.

the devices that we normally use which points out to internet of things revolution

or device-to-device communication. In this condition, information transfer can

take place near-field directly with little intervention from access point.

1.2 Near-field and Far-field Communication

Near-field of the antenna is also known as reactive near-field and is determined

with the help of regions surrounding the antennas. In terms of distance near-field

exists less than the distance 2D2/λ [9]. Where D is the largest dimension of radi-

ating antenna. This is true for electrically-large antennas whose linear dimension

is greater than the distance λ/2. Whereas for electrically small antennas whose

dimension is less than D < λ/2 the near-field boundary at distance R is defined as

R >> λ. The field surrounding antenna can be divided into three main regions:

• Reactive near-field

3



• Radiating near-field or Fresnel region

• Far-field or Fraunhofer region

1.2.1 Far-field or Fraunhofer Region

Traditionally, communication for mobile cellular communication, wireless local

area networks, Bluetooth, and Radar takes place in far-field. However, the near-

field communication using inductors, capacitors, and RF antennas has gained

attention for wireless chip-to-chip communication [10][11][12][13][14][15]. Previ-

ously inductive and capacitive coupling has been used for low data-rate wireless

communication at very short distances. However, near-field communication at

chip-scale which requires high data rate transmission in compact and complex

environments i.e.metal enclosures. In far-field the radiation dies off as the inverse

of the square of a distance from antenna i.e.1/R2. In this region electric E and

magnetic field H are orthogonal to each other and to the direction of propagation.

The conditions to be in far-field are as follows:

• R < 2D2

λ
which means the distance should be less than twice the square of

the linear dimension of antenna divided by operating wavelength

• R >> D: this condition means the distance should be much greater than

the linear-dimension of radiating antenna

• R >> λ: this condition implies the distance should be much greater than

the operating wavelength.

1.2.2 Reactive near-field

It exists in the vicinity of antenna. In this region the fields are dominantly reactive

and the E field and H field are out of phase by 90◦ to each other. Boundary for

near-field is [9]:

R < 0.62

√
D3

λ
(1.1)
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There is also another field known as the radiative near-field region. It’s also

known as the Fresnel region. Commonly it’s a region between reactive near-field

and far-field and its boundary can be given as [16]:

0.62

√
D3

λ
< R <

2D2

λ
(1.2)

There are many applications that exploit near-field of antenna such as near-

field communication for body-implantable devices, near-field communication for

wireless information and power transfer [17], near-field links for high data-rate

transfer [18].

1.2.3 Near-field Magnetic Communication

Near-field magnetic communication works in the near-field region for data trans-

mission. It works on the principle of magnetic induction communication where

primary coil is excited which generates magnetic field and data transmission takes

place via magnetic induction when a secondary magnetic coil is placed in the

near-field of primary coil. Magnetic inductive communication is used for low-

rate communication for various applications such as wireless information and

power transfer for biomedical implantable devices [19][20], magnetic-induction

based communication system for underground applications [21][22][23], magnetic-

induction communication in underwater environment [24][25][26]. Magnetic in-

duction communication is useful for low-rate wireless communication, hence it can

be useful for control information transfer for wireless chip-to-chip communication.

Authors in [21] have created USRP based measurement setup for the evaluation

of magnetic induction communication for low-rate underground wireless sensor

network. Authors have measured received power, path loss, and packet error rate

of magnetic induction communication link through materials with high loss and

harsh EM environment. Another application for magnetic induction communi-

cation is demonstrated for underwater communication. Magnetic induction com-
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munication in propagation medium has advantage of negligible delay, predictable

channel response. However, it has disadvantage of high path loss, alignment er-

rors and low data rate which can only be used for low-rate control and feedback

signals in context of wireless chip-to-chip communication. A passive RFID tag

when inductively coupled can obtain power and can transmit data to inductively

coupled RFID reader. NFC is short-range communication protocol for low-rate

data exchange at operating frequency of 13.56 MHz. There are various NFC

modes under which NFC communication takes place such as reader/write mode,

card emulator mode and peer-to-peer mode. NFC can work with existing RFID

infrastructure using card-emulator mode [27][28]. All these technologies based

on magnetic induction communication have been used for low-rate links in the

near-field and the far-field. Another very relevant study on near-field magnetic

induction MIMO communication for high-data rate has been studied by authors

in [29]. Authors have confirmed NFMI MIMO communication is similar to that

achieved with conventional far-field RF MIMO systems. Further, authors are

of the opinion that their technique does not require complicated MIMO signal

processing such as SVD decomposition and channel estimation. The main contri-

bution of authors is reduction of cross-talk, decoupling parallel streams and the

usage of less complex signal processing schemes. The authors have created near-

field magnetic- induction 2x2 MIMO communication and investigated near-field

MIMO capacity at operating frequency of 13.56 MHz.

1.2.4 BER Measurement of Intra-chip Communication

BER measurement is one of the KPIs that is used for the data communication

between chips. Y.P.Zhang has performed BER measurements for wireless intra-

chip communication in in SISO mode [30]. The author has shown that BER

performance decreases with the distance and the transmission data rate. Authors

have shown BER less than 10−3 at a distance of 20 mm for data rate of 2 Gbps.

For a fixed data rate of 2 Gbps, the data rate decreases with the increase in
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Figure 1.2: BPSK based intra-chip wireless communication architecture [30].

distance between Tx and Rx. Additionally, they have shown BER is degraded as

the data rate is increased. Authors have shown BER measurement for SISO mode

of intrachip communication which suffers from NLOS link resulting in poor signal

quality and BER measurements. In contrast, MIMO communication in similar

setting shall exploit NLOS and rich-scattering which increases signal quality by

virtue of diversity and total system throughput using spatial multiplexing.

Fig.1.2 shows a typical chip structure that shows the package ceramic top,

package heat spreader, metal lines, and solder bumps. Additionally, it also shows

some wireless transmitter and receiver components such as power amplifier, low

noise amplifier, modulators, and demodulators. It can be seen that this is typ-

ical case of a complex intrachip wireless propagation environment. This type of

environment has the potential to exhibit rich multipath scattering because of the

presence of solders balls, metal lines, heat spreaders, and top ceramic package.

Additionally, in this environment propagation scenarios can arise that can be re-

sponsible for single MIMO keyhole or multi-keyhole channels as well as diagonally

correlated channels. Floyd et al.has used wireless interconnect for clock distri-

bution and has performed SNR estimation for on-chip wireless clock distribution
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[31]. Moreover, authors have concluded that the switching noise and thermal

noise has been reported to be dominant in such scenarios.

1.3 Aims and Objectives

Wireless chip-to-chip communication has gained recent attraction from researchers

within computer architecture, chip manufacturers, computing and wireless com-

munication domains. It has scope for small form-factor communication such as

multi-chip modules, board-to-board communication and processor to memory

links. Similar to more popular cellular and WLAN communication, this form

of communication relies on fundamental understanding of radio in single and

multi-antenna settings. The KPI like MIMO channel capacity, EVM and BER

measurement are important to understand such form of wireless communication

in rich propagation environment. Small-scale fading is used to differentiate MIMO

correlated channels, therefore, it is important to understand MIMO channel ca-

pacity. Ideally, two MIMO channels should have equal power but independent

small-scale fading.

The aims and objectives of this thesis are as follows:

• Aims

– To develop 2x2 MIMO software-defined-radio based testbed for the

measurement campaigns in the reverberation chamber and metal en-

closures in the near-field. Short-distance propagation measurements

under different channel conditions in LOS and NLOS are performed

in a mode-stirred metal enclosure to address problems in mode-stirred

wireless chip-to-chip communication channels.

• Objectives

– Perform extensive channel measurement and 2x2 MIMO BER and
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EVM measurements in the reverberation chamber using a software-

defined-radio testbed.

– Perform near-field MIMO measurements in the reverberation cham-

ber under different multipath fading scenarios and radio propagation

conditions.

– Perform MIMO channel measurements under different stirring and

loading scenarios. Present statistical characterization of the wireless

chip-to-chip channel.

– Assess diversity performance of wireless chip-to-chip channel in a mode-

stirred metal enclosure. Present statistical characterization of second-

order statistics of the wireless chip-to-chip channel in different propa-

gation environments.

– Measure channel parameters and present statistical model for exam-

ple Rician K-factor, path-loss, path-loss exponent, RMS delay spread,

coherence bandwidth.

– Measure wideband MIMO channel capacity in a mode-stirred metal

enclosure in rich isotropic multipath fading scenario.

– Perform MIMO channel measurement with polarization diversity.

– Demonstrate near-field MIMO wireless communication system and

perform near-field MIMO BER and EVM measurements in empty

metal enclosure and when the metal enclosure is loaded with absorbers.

– Perform 2x2 MIMO BER and EVM measurements in metal enclosure

in presence of MIMO interference.

1.4 Contribution

The main contribution is the development of SDR based MIMO testbed for near-

field channel measurement and characterization of the wireless chip-to-chip chan-

nel in metal enclosure. 2x2 MIMO BER and EVM measurements are performed
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under different loading conditions. Demonstration of digital wireless communi-

cation receiver and BER measurement in the near-field reverberant environment.

Empirical measurements and characterization of near-field MIMO wireless chip-

to-chip channel in a mode-stirred metal enclosure. Using 2x2 MIMO measure-

ment setup two USRP channel BER and EVM measurements are performed in

the presence of MIMO interference. It is shown that the EVM and BER degrades

as MIMO interference increases. Additionally, other channel parameters such as

RMS delay spread, coherence bandwidth are measured for different transmit and

receive inter-element distances. Finally, near-field MIMO channel capacity mea-

surement and the effect of transmit correlation and receive correlation on MIMO

capacity.

1.5 Thesis Structure Outline

The thesis is divided into seven chapters starting from introduction to conclusion

and future work. More specifically, this thesis consists of the following chapters

with brief introduction of each chapters.

Chapter 1 is introduction of the thesis research issues in the area of chip-

to-chip communication. It presents a review of the fundamentals of wireless

chip-to-chip or wireless inter-core communication. It reviews existing forms of

chip-to-chip communication and interconnects. It also reviews recent literature

in the area of wireless chip-to-chip communication in a mode-stirred environment.

It also gives a brief review of previous measurements conducted in a confined en-

vironment including ultra-wideband measurements in PC casings and compact

devices. The near-field environment shall play a role for densely deployed high

data-rate links which shall be part of the 6G THz wireless communication revolu-

tion. This chapter presents the aims and objectives of the thesis. It also presents

the contribution of the thesis and outlines the thesis structure.

Chapter 2 is about the software-defined-radio based testbed and usage of Et-

tus USRP radios and signal processing libraries such as GNU Radio and MATLAB

10



for the development of baseband communication system models. This chapter

gives a detailed overview and description of the measurement setup, propagation

environments, and other instrumentation used during measurements. Two base-

band development waveforms are used that are Simulink and GNU Radio. Both

baseband development waveforms were used depending on the quick waveform

accessibility, ease of use,latency and portability.

Chapter 3 highlights measurement, modeling, and diversity channels for

chip-to-chip channels in mode-stirred metal enclosures. Here different diversity

techniques such as selection combining, equal gain combining, and maximum ratio

combining are discussed. It’s important to know fundamental channel parameters

that are useful for the design of wireless chip-to-chip communication system. The

parameters such as RMS delay spread, coherence bandwidth, Doppler spread,

Rician K-factor, and path loss are discussed. These parameters are useful for

channel modeling and characterization and the development of a digital wireless

communication system.

Chapter 4 is about 2x2 MIMO QPSK receiver for BER and EVM measure-

ments in metal enclosure in different fading conditions and in the presence of

different levels of interference. The baseband model of the QPSK digital receiver

is explained. The importance of frequency synchronization and timing synchro-

nization in communication systems is stressed. Therefore digital synchronization

in the baseband model and the synchronization signals from Octoclock-G are com-

pared. The design stages of the QPSK digital receiver is explained with the help

of measurements. BER measurements and EVM measurements are conducted

using SDR-based QPSK digital receiver in different propagation scenarios. 2x2

MIMO BER and EVM measurements of transmit diversity and receive diversity

techniques are also presented.

Chapter 5 is about near-field MIMO wireless communication. This details

MIMO system parameters and discuses the information-theoretic perspective of

MIMO communication. MIMO capacity of doubly-correlation channels is dis-
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cussed i.e correlation present at the transmitter as well as at the receiver. Eigen-

value decomposition of the measured Gramian matrix HHH is presented. For

proper MIMO capacity gain MIMO channel should not be rank-deficient. There-

fore, relevant MIMO channel parameters such as condition number and rank of

the channel are discussed. Additionally, different forms of MIMO correlation are

discussed to address the effect of correlation on MIMO channel capacity.

Chapter 6 is about MIMO measurements using polarization diversity and

the results on MIMO capacity with Tx and Rx correlation. Polarization diversity

is helpful from practical perspectives if the transmitter and receiver are to be inte-

grated in limited form-factor devices. Polarization diversity helps reduce transmit

and receive correlation, however it results in power gain loss of subchannels in

MIMO channel matrix because of orthogonal polarization. MIMO channels in

polarization diversity exhibit non-identical fading subchannels of MIMO chan-

nel. Cross-polarization discrimination (XPD), cross-polarization coupling (XPC)

and cross-polarization ratio (XPR) are discussed. The effect of XPD and XPC

on MIMO capacity is important to understand as the XPD may affect MIMO

channel capacity differently in different propagation environment and at different

SNRs. Measurement results are presented to support the usage of polarization

diversity in near-field MIMO communication. BER and EVM measurements are

performed using polarization diversity in LOS and NLOS environment.

Chapter 7 is about wideband MIMO capacity measurements in a mode-

stirred metal enclosure in different propagation scenarios and channel conditions.

The measurements are performed under LOS and NLOS channel conditions, in

the presence of Tx correlation and Rx correlation.

1.6 Conclusion

Wireless chip-to-chip communication has been investigated with state-of-the-art

literature on wireless chip-to-chip communication. Wireless chip-to-chip commu-

nication in the light of Moore’s law has been explained. possible spectrum candi-

12



dates and previous prototypes such as near-field magnetic induction communica-

tion and measurements for wireless network on chip are discussed. Cutting-edge

issues of wireless chip-to-chip communication are explored. Possibilities of MIMO

keyhole channels in wireless chip-to-chip or board-to-board communication use

cases have been discussed and relevant issues are highlighted. In addition to issues

of wireless chip-to-chip communication, the possibility of near-field communica-

tion is assessed and the research foundation has been established to develop SDR

based near-field MIMO prototype which is discussed in chapter 2.
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Chapter 2

SDR Based Near-field MIMO Testbed

2.1 Software Defined Radio

Software-defined-radio is a re-programmable and reconfigurable platform that can

be used for the development and demonstration of state-of-the-art wireless com-

munication systems, for example 5G new radio (NR), wireless local area network

(WLAN) [1],Zigbee, long range wide area network (LoRaWAN) [2], Radio Fre-

quency identification (RFID) tags and backscatter communication [3][4][5], spec-

trum sensing and detection in TV white space etc. This SDR can be programmed

to perform channel measurement and characterization. This work demonstrates

the potential of SDR for communication algorithm development and RF test-

ing of wireless communication systems as well as for channel measurements and

characterization. The main advantage of SDRs over conventional measurement

equipment is their portable, re-programmable, and scalable characteristics. Due

to these characteristics, the SDR based testbed can be quickly prepared and de-

ployed in difficult propagation environments. Few examples are vehicle-to-vehicle

(V2V) communication, Air-to-Ground, and Air-to-Air channel modeling in un-

manned aerial vehicle (UAV) communication [6][7][8], Tunnels, and Gold mine

communication [9]. In SDR baseband signal processing is carried on host PC using

baseband development platforms such as GNU Radio or MATLAB. Additionally,

digital upconversion and downconversion are performed at a high-performance
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Figure 2.1: Software Defined Radio Schematic.

FPGA side as shown in Fig. 2.1. This architecture of SDR gives increased de-

gree of freedom for the design of a reconfigurable wireless communication system.

SDR has two main components one is motherboard and the other components is

RF daughterboard. RF frequency range is defined by RF daughterboards. There

are various RF daughterboards that can be interfaced with Ettus USRPs. For

example UBX-160, UBX-40, TwinRx-80, WBX-120, SBX-120, CBX-120, CBX-

40, LFTX-LFRX as shown in Fig.2.7c. These RF daughterboards have different

bandwidth and RF frequency range. For example UBX-160 has maximum band-

width of 160 MHz and its frequency ranges from 70 MHz to 6 GHz. LFRX-LFTX

can receive signals from DC to 30 MHz. These RF cards can be useful for appli-

cations that use low frequency spectrum such as power-line communication and

EMC emission testing and interference analysis.

Fig. 2.3 shows front view of USRP based 2x2 MIMO testbed. It shows two X310

USRPs front panel, two UBX-160 RF daughterboards per USRPs. Octoclock-

G is used to supply 10 MHz frequency and 1 PPS time synchronization signals

to both the USRPs. Fig. 2.4 shows top view of the testbed showing UBX-160

daughterboards, two SFP+ 10GigE ports, 1Gig Ethernet interface adaptor and

RF daughterboard cables leading to the front panel of each USRP.

19



Figure 2.2: Top view of B210 USRP. This USRP allow 2x2 Full-duplex MIMO
communication as it’s visible from the two red TX LEDs and green RX LEDS
which shows simultaneous operation of two transmitters and two receivers respec-
tively.

Figure 2.3: Front view of 2x2 MIMO measurement setup based on two X310
USRPs. The measurement setup uses two X310 USRPs with UBX-160. Each of
the X310 USRPs is equipped with two UBX-160 RF cards and one OctoClock-G
which supplies synchronization signals to each USRP.
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Figure 2.4: Top view of 2x2 MIMO measurement setup based on two X310 US-
RPs. The measurement setup uses two X310 USRPs with UBX-160. Each of
the X310 USRPs is equipped with two UBX-160 RF cards and one OctoClock-G
which supplies synchronization signals to each USRP.

2.2 SDR based Near-field Testbed

The near-field testbed is developed using two X310 USRPs and one B210 USRP

for 2x2 near-field MIMO measurements. Measurements are performed both in the

time-domain as well as in the frequency-domain using the frequency-swept ap-

proach. Measurements are performed using a time-domain approach i.e.transmitting

orthogonal sequences like PN code sequence, Gold code sequence, and Zadoff-Chu

sequence. These sequences are widely used for performing channel sounding and

characterization of the wireless channel. In the frequency-swept way of channel

sounding which is the same as to measure channel transfer function in frequency

domain i.e. measure S21 parameters and forward transmission channel. USRPs

are configured to be used for the measurement of S21 parameters by sweeping over

a band of interests. USRPs are configured to measure forward transmission i.e.

S21 parameters but not the S11 parameters. For S11 parameter measurement,

an additional RF component known as circulator can be deployed to measure

the reflection coefficient, however, this can reduce the efficiency of USRP based
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testbed significantly. Previously, SDR-based near-field communication testbed

has been used to conduct BER measurements using magnetically coupled coils

[10]. However, the operating frequency was set to 10 MHz to excite magnetically

coupled loops for BER measurements. Additionally, the propagation environment

doesn’t consider the rich-scattering environment or metal enclosure.

2.3 MIMO Channel Sounding

Complete sketch of LOS and NLOS MIMO channel sounder for channel mea-

surements, BER and EVM measurements is shown in the Fig. 2.5 and Fig.

2.6 respectively. Two USRPs are connected to independent host PCs for signal

generation and transmission over fading channel in the metal enclosure. A 2x2

MIMO system using independent USRPs as transmitter and receiver can also

be developed by connecting both USRPs to single high-performance PC. This

will require host PC to have dual NIC installed or one 10G Ethernet card with

two interface ports. In this way data acquisition can be performed on the same

PC and packet mismatched can be avoided because of different baseband model

runtimes and hence increasing EVM and BER measurement accuracy for wireless

communication system measurements. Channel transfer function is measured by

sweeping LO frequency of Tx and Rx USRP simultaneously over a specified band-

width. The Tx USRP and Rx USRP LO frequency can be tuned by inputting

linearly increasing frequency points from Simulink or GNU Radio. However, this

may result in oscillator stability issues. Alternative and more reliable way is to

programmatically control Simulink and measure power at each frequency point.

However, this procedure can take longer measurement time but it’s more tractable

way to measured received power at both the channels.
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Figure 2.5: Complete sketch of LOS MIMO channel measurement setup in metal
enclosure. The metal enclosure with dimensions of h× `×w of 45 cm× 37 cm×
55 cm houses a mode-stirrer and two monopole antennas for the transmitter and
two monopoles for the receiver.
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Figure 2.6: Complete sketch of NLOS 2x2 MIMO USRP-based channel mea-
surement setup in metal enclosure. The metal enclosure with dimensions of
h× `× w of 45 cm× 37 cm× 55 cm houses a mode-stirrer, NLOS metal sheet
and two monopole antennas for the transmitter and two monopoles for the re-
ceiver.
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Figure 2.7: Classification of SDR platforms, USRPs and SDR RF front-ends.
At the time of writing there are other SDRs with signal intelligence and high-
performance GPUs such as artificial intelligence radio transceiver (AIR-T) from
DeepWave Digital. For high bandwidth Cyan SDR from Per Vices offers RF
bandwidth upto 3 GHz.
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2.4 USRP based Testbed Limitations

USRP is a cost-effective SDR by Ettus Research for testing and developing wire-

less communication prototypes, however, it has some drawbacks that must be

taken into consideration before initiating USRP based measurement campaign.

Selection of SDR such as USRP depends on various factors such as dynamic range,

RF frequency range, number of channels, onboard processing capability, high re-

source FPGA, bandwidth, interfacing with baseband development software, size,

and the cost. All of the following issues which are mostly USRP related issues

were faced during the testbed development and measurement campaigns.

Crosstalk

USRPs have an issue of cross-talk because of leakage from USRP antenna ports

and the circuitry. Some USRP RF cards such as UBX-160 come with shielding to

improve the performance. However, even with UBX-160 daughter-boards cross-

talk issue is difficult to avoid especially when the transmission and reception take

place on the same RF daughter-board. This type of cross-talk is known as intra-

board cross-talk. Additionally, cross-talk from one USRP port to another USRP

port was also observed. In order to avoid such cross-talk it’s better to terminate

port with an attenuator. In order to increase isolation two separate USRPs can

be used and connected with the same PC. However, it shall increase the total

cost of SDR based testbed. Single B210 USRP can be configured as 2x2 full-

duplex MIMO communication, however, there will be problem of crosstalk among

TX/RX0 and TX/RX1 port to RX1 and RX2 port. In terms of RF isolation,

X310 USRP has an advantage over B210 USRP because of X310 has increased

daughterboard shielding. It should be of special concern when the Tx and Rx

antennas are mounted directly on USRP then higher interference should be ex-

pected in full-duplex mode. This is known as full-duplex cross-talk. Full duplex

has problem of self-interference and various strategies are available in the liter-

ature for mitigating self-interference in prototyping full-duplex SDR prototypes
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Figure 2.8: USRP X310 crosstalk from RF A TX to RF A RX and RF B RX.

[11]. Fig. 2.8 shows that there is more cross-talk when the receiver is configured

on same UBX-160 RF daughterboard whereas the cross-talk is comparatively

much lower at RX of RF B UBX-160 daughterboard. The low cross-talk values

are observed for all values of Tx gains.

Figure 2.9 shows power measured at channel 1 and channel 2 of one USRPs

using frequency sweep approach. Power is measured using loop back cable with

30 dB attenuator in order to avoid any possible damage to receiving RF daughter-

board. The maximum input power of USRP X310 is -15 dBm and the maximum

transmit power of X310 is +20 dBm. It can be seen the UBX-160 RF boards have

same power over two frequency sweeps and it’s also consistent with the UBX-160

data characterization sheet by Ettus Research. Conducted power measurements

are useful to find out start and stop time of the sweeps since two USRPs don’t

start at the same time, however because of the external synchronization signals

two USRPs lock with each other and produce correct streaming data but sweep 0

has not sufficient number of samples i.e. frequency points. Therefore, sweep 1 and

sweep 2 has been considered to find out channel transfer function. There are two

full-frequency sweeps each of 251 frequency points except the sweep 0 which has
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Figure 2.9: Loop-back power measurement using frequency sweep approach. The
two USRPs were connected to same PC and were operated in frequency-swept
approach. The Tx gains of each channel of USRP was set to 10 dB respectively
and Rx gain of each channel of USRP was set to 0 dB. Tx channel of one USRP
was connected directly to Rx channel of another USRP. Tx and Rx channels of
the USRPs were connected with loop-back cable with 30 dB attenuator to avoid
damage to the RF daughterboard.
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insufficient samples and was wasted during USRP and Simulink initialization and

start-up time. It is important to note that there is random startup delay when

using X310 USRP and B210 USRP together for MIMO measurements. There are

four updates per frequency points. LO stabilization is 0.1 second and the data

update period is 0.025.

Bandwidth

Another limitation of the USRPs is their limited bandwidth which restricts US-

RPs to the applications that require less bandwidth. Therefore, UWB channel

measurements and modeling that require high bandwidth can be challenging to

perform with this device. Total available bandwidth is defined as a minimum of

host bandwidth, RF daughtercard bandwidth, and the FPGA bandwidth. RF

bandwidth is defined by RF daughterboard on USRP. For example, UBX-160

board can provide a bandwidth of 160 MHz. Therefore, UBX-160 can cover

many wireless standards such as WLAN, Bluetotth, Zigbee, LoRA, LTE-A and

5G-NR communication. In order to fully utilize the RF daughterboard band-

width it is necessary to use high-performance PC, high-speed interface of the PC,

proper CPU governor configuration, power management, and interpolation/dec-

imation factors as suggested by Ettus Research manual. It’s also dependent on

the complexity of waveform design which can give rise to underflow and overflow

which results in loss of the measurement data thereby affecting reliability of the

measurement results. In case of limited PC resources and recurrent underflow and

overflow, the best solution could be to reduce the sampling rate and simulation

measurement time.

Return Loss

USRPs can only measure forward transmission i.e.S21 parameters, these devices

can’t measure return loss i.e.S11 because they can’t measure reflected wave on

the same port. In order to measure reflected power more USRP ports should
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be available for the measurement which directly affects the number of required

RF daughterboards which increases testbed cost and reduces the efficiency of the

measurement setup. For S11 measurements Circulator has also been suggested

to be used with USRPs [12].

Calibration

USRPs are not calibrated devices as compared to VNA, therefore these devices

require power calibration on a regular basis. Power calibration for 2x2 MIMO

can be performed by connecting TX and RX port of USRP with 30 dB atten-

uator. For example for multi-channel phased array applications such as source

localization, beamforming, and interference cancellation, multi-channel USRPs

can be calibrated in time and frequency by supplying 1s PPS time and 10 MHz

frequency reference signal from Octoclock-G. Additionally, at every retune of

USRP initial random phase offset may be expected which can be corrected by

supplying reference signal from transmitting USRP. USRPs can be configured

for automated calibration of USRPs at additional cost of hardware. Automated

calibration of SDR-based dual-polarized radar is given in [13].

DC component

It appears because of imperfect filtering in the radio transceiver. It’s dominant

at low SNR value. It is removed by using a carefully designed band-reject or

notch filter in the baseband model. It is common problem in radio receivers and

is prominent specially in direct-conversion SDR receivers.

Host PC resource

It’s extremely important to choose host PC wisely for USRP based measurements

especially if the application requirement is high data rate. USRP-based testbeds

are known to have the problem of overflow and underflow which can cause data

loss in the measurements that are sensitive to overflow and underflow such as
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BER and EVM measurements. There are useful ways to find out when underflow

or overflow occurs. One way is to activate underflow and overflow options in

SDRuTransmitter and SDRuReceiver blocks in Simulink and an another way is

to check the terminal where letter U and O may be printed on the screen if there

is any underflow or overflow. Underflow and overflow problem can be avoided by

addressing issues like CPU power management, less complex baseband waveform,

increasing buffer size, reducing visualizers in the baseband model, reducing data

logging in the baseband model or data logging with decimation and time intervals.

2.5 USRP X310 Architecture

X310 USRP by Ettus Research is a high-performance multi-channel and scalable

SDR which operates in full-duplex and supports 2x2 MIMO communication. It

has two daughterboard slots, high-speed interfaces, GPSDO slot, GPIO, 1 GB

DDR3 memory and a high performance Kintex-7 FPGA. At the time of writing

NI Ettus Research has introduced new X410 USRP with four transmit and receive

channel, on-board quad-core ARM-Cortex-A53 processing subsystem. It has also

support for 100 GbE high-speed interface for data transfer. FPGA on X310

USRP is used to process digital basend IQ samples. ADC/DAC on X310 USRP

are used to rate transition and the data transfer takes place between host PC and

X310 USRP over 1 Gig Ethernet cable or 10 Gig SFP+ interface. The samples

are converted to continuous signals using a DAC, then mixed with complex RF

carrier. For Bus series USRP (using AD9361 SDR) the base sample rate is 61.44

MHz. To obtain a 240 ksps IO rate, it can be configured to sample at 5.28 MHz

and perform 22 decimation/interpolation. The sample time would then be set

to (1/5.28e6/22). X310 USRPs and B210 USRP can be configured for different

master clock rates and based on the interpolation and decimation factor desired

sampling rate can be obtained. Sampling rate of 400 ksps can be achieved for

master clock rate of 200 MS/s and decimation/interpolation of 500. Sample rate
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can be obtained as:

Sample Rate =
Clock Rate

Interpolation/Decimation
(2.1)

Fig. 2.10 shows internal view of X310 USRP motherboard with no RF daugh-

terboards. It has two slots for RF daughterboards where we can insert two RF

daughterboards based on the RF frequency range requirement such as UBX-160

for wider frequency range (70 MHz to 6 GHz) and LFTX/LFRX for DC-30 MHz

coverage. It has also slot for GPSDO for more accurate frequency measurements.

2.6 Digital Upconversion and Downconversion

Software-defined radio transceivers can have a variety of architectures, with one

of the most important factors being separation between digital and analog pro-

cessing. Digital upconversion and downconversion is interpolation and decima-

tion operation that takes place at FPGA side. Appropriate interpolation and

decimation factor is selected at the transmitter and receiver side to match the

baseband sampling rate and the DAC/ADC sampling rate. Interpolation and

decimation operation is accompanied with anti-imaging and anti-aliasing filters

respectively [14]. Based on interpolation and decimation factors anti-imaging

and anti-aliasing filters are configured. Digital upconversion and digital down

conversion is also performed at baseband if the sampling rate is insufficient or the

communication blocks require low-sample rate for downstream processing. Digi-

tal upconversion and digital down-conversion requires filtering to avoid imaging

and aliasing. Therefore, it is not a computational friendly operation.

2.6.1 Digital Up-conversion (DUC)

In transmit chain of the USRP sampling rate is increased using filtering opera-

tions. The sampling rate increases from baseband sampling rate to a rate that

matches DAC conversion rate. Multirate filters are required to increase and de-
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Figure 2.10: X310 USRP internal view without RF daughterboards
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crease the sampling rate. The process of upsampling takes place when sampling

rate is increased. The effect of upsampling is to generate images at integer multi-

ples of the original sampling rate as shown in Fig 2.11 and it must be subsequently

removed using a lowpass filter. The combined operation of upsampling and low-

pass filtering is known as interpolation [14][15]. The images can be removed using

low-pass filter as shown in Fig.2.11d. The spectral regrowth or the images are

low-pass filtered with attenuation of approximately 75 dB.

2.6.2 Digital Down-conversion (DDC)

In the receive chain of the USRP sampling rate is reduced from ADC sampling

rate to a rate that matches baseband sampling rate. Rate conversion to baseband

sampling rate is useful to process baseband samples for reliable KPI extraction.

In the second case at the receiver sampling rate is reduced using downsampling

operation. This must be preceded by lowpass filter, in order to remove the fre-

quency that would otherwise be aliased into the baseband region. The combined

operation of lowpass filtering and downsampling is known as decimation [14][15].

Lowpass multi-rate filters are required for DUC and DDC. The design of filter

depends on the interpolation or decimation ratio, with higher ratios demanding

more exacting filter responses. If the ratio between system rate and symbol rate is

large then a lowpass filter with sharp cut-off is required which implies the filter is

computationally expensive. Rather than performing filtering with a single filter, a

more efficient alternative is to partition the interpolation or decimation task into

a cascade of filters. For an overall decimation ratio of 200, it would be efficient

to use three different filters in cascade decimating the incoming signal by 20, 2,

and 5 respectively. There could be other possible combinations. Proper design of

DUC and DDC is required for computational efficient hardware implementation

on FPGAs or ASIC signal processing systems. Multi-rate elements are used to

simulate digital modulation and demodulation between baseband and IF. FIR

and IIR filters can be used within filter cascade, with FIR typically preferred for
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(a) No Interpolation (b) Interpolation=2

(c) Interpolation=4 (d) Interpolation=8

Figure 2.11: Effect of interpolation (a) without interpolation (b) with interpola-
tion factor of 2 (c) with interpolation factor of 4 (d) with interpolation factor of
8. There is spectral regrowth or images after interpolation of the original signal.
The number of images are related to interpolation factor.

its linear phase response characteristics. Polyphase methods are normally applied

to optimize the structure.

2.7 Baseband Model for Frequency Sweep

Frequency transfer function of MIMO channels can be measured by sweeping the

LOs of two USRP synchronously and by transmitting sinusoids using two USRP

channels. The received power of each MIMO channel i.e. direct channels and

crosstalk channels can be measured at the baseband. Fig. 2.12 shows baseband

model to perform frequency sweep of two LOs and measured received signal mag-

nitude. This model can be used to perform MIMO measurement using virtual

MIMO technique where the channel is measured in two time instances. In one
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Figure 2.12: Simulink model for frequency transfer function measurement. The
Tx and Rx baseband models were created in the same Simulink canvas. SDRu-
Transmitter and SDRuReceiver blocks accept the sweep sequence at the same
time.

time instant channel between transmit antenna 1 and receive antenna 1 and re-

ceive antenna 2 is measured and in another instant channel between transmit

antenna 2 and receive antenna 1 and receive antenna 2 is measured. The same

model can be configured to extract 2x2 MIMO channel matrix with one time

slot. Full MIMO channel measurement can be obtained with the same baseband

model without switching Tx channels. This can be acheived by transmitting

two baseband complex Sinusoids at different frequencies and sweeping the LOs

synchronously. In the baseband model lowpass filter and bandpass filter can

be employed to measure the magnitude of two received Sinusoids. This can be

done by transmitting two orthogonal Sinusoids and using bandpass filters at the

baseband. Since two USRP channels are active at the same time, therefore, this

way to extract MIMO channel can include the effect of correlation and mutual

coupling of Tx and Rx antennas. Fig. 2.13 shows four frequency sweeps each

frequency sweep of 200 MHz bandwidth. Channel measurement using first sweep
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Figure 2.13: Number of frequency sweeps.

Figure 2.14: MIMO channel measurement sweeps as a function of time. H11
is CTF between Tx1-Rx1, H12 is CTF between Tx1-Rx2, H21 is CTF between
Tx2-Rx1, H22 is CTF between Tx2-Rx2.

are not considered in the data analysis as it contains transport delays, Simulink

initialization time and time-duration in which two USRPs attain synchronization,

therefore insufficient channel measurement samples are obtained. Fig.2.14 shows

MIMO channel measurements as a function of time. The channel power of four

elements of MIMO channel H are shown with three sweeps in each plot.

Fig. 2.15 shows frequency transfer function of metal enclosure at eight differ-

ent stirrer positions. The frequency bandwidth is 100 MHz centered at 5.6 GHz.

There are four sweeps of 100 MHz bandwidth. The frequency transfer function is

measured at eight different stirrer positions when the mode-stirrer was stationary.
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Figure 2.15: Measured frequency response using X310 USRP in metal enclosure at
eight mode-stirrer positions. Each subplot of frequency response has three sweeps.
The frequency response measurements were conducted in stationary environment
at each mode-stirrer positions.
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Hence, the prototype measurements results show a changing EM field distribution

inside the enclosure. Multiple sweeps of channel transfer function are repeatable

in stationary propagation environment for fixed stirrer position. This confirms

qualitative accuracy of the MIMO prototype and the baseband model created for

MIMO transfer function measurement.

Fig.2.16 shows frequency transfer function in metal enclosure over bandwidth

of 100 MHz centered around 5.6 GHz. It can be seen that there are different

levels of reflection at stirrer positions. The effect of changing stirrer position was

also observed on the BER of two SDR channels when 2x2 MIMO communication

receiver was tested. There were instance of low-gain channels where the BER and

EVM degraded. Initially, the BER performance was considered as an effect of

underflow and overflow and after a careful investigation the problem of low gain

values at few stirrer positions was observed. Different magnitude levels at each

stirrer position resulted in BER that would vary for each stirrer positions.

2.8 USRP Classification

USRP is classified into subfamilies depending on the operating frequency range,

FPGA board, duplexing capability etc. Some of the popular USRPs are X-series,

N-series USRPs, B-series, and E-series USRP. Figure .2.7b shows the classification

of USRPs. There is a variety of off-the-shelf SDR devices like HackRF, BladeRF,

PlutoSDR, Nutaq’s PicoSDR, Hedgehog, XTRX, extreme SDR, LimeSDR, Air-T,

kiWiSDR, RedPitaya and RTL-SDR etc. However, Ettus has produced a family of

SDRs known as universal software radio peripheral (USRP). These USRPs have

varying parameters like bandwidth, number of channels, processing capability,

ADC/DAC resolution etc. USRP can be targeted for variety of applications

some are mentioned in chapter 1. The selection of USRPs is usually based on

the number of channels, bandwidth, dynamic range, transmit power, availability

of on-board processor, high performance FPGA and operating frequency range.

The important parameters of different USRP devices from Ettus Research are
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Figure 2.16: Measured frequency response using X310 USRP in metal enclosure at
eight mode-stirrer positions. Each subplot of frequency response has three sweeps.
The frequency response measurements were conducted in stationary environment
at each mode-stirrer positions.
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Table 2.1: USRP family of SDR devices.

Parameters Low Cost
B2xx

Embedded
E3xx

General
Purpose Nxx

High
Performance
X3xx

Frequency(Hz) 70 MHz- 6
GHz

70 MHz- 6
GHz

10 MHz-6
GHz

10 MHz-6
GHz

Bandwidth 32 MHz in
2x2

32 MHz in
2x2

40 MHz 160 MHz

Channels 2 Tx, 2 Rx 2 Tx, 2 Rx 1 Tx, 1 Rx 2Tx, 2 Rx
DAC/ADC
Rate

DAC:12 bit,
61.44 MS/s
ADC:12 bit,
61.44 MS/s

DAC:12 bit,
61.44 MS/s
ADC:12 bit,
61.44 MS/s

DAC: 16bit,
400 MS/s
ADC: 14 bit,
100 MS/s

DAC: 16 bit,
800 MS/s
ADC: 14bit,
200 MS/s

Noise Figure <8 dB < 8 dB 5-7 dB, <8 dB
Processing Host PC ARM

Processor
Host PC Host PC

MIMO Phase
Coherent

Phase
Coherent

Phase
Coherent

Phase
Coherent

Latency ms to Host µs to FPGA
and µs to
Host

ms to Host µs to FPGA
and µs to
Host

Bus USB3, USB2 1 GbE (ARM
to Host)

1 GigE 1/10 GbE

Calibration None None None None

summarised in Table 2.1.

2.9 RF Daughterboards

RF daughterboards are an important component of any SDR. RF daughterboards

are usually limited by the bandwidth and the operating frequency. There are

various types of RF frontends which are summarized in Fig.2.7c. Most of RF

daughterboards by Ettus Research has an operating frequency range from 70

MHz to 6 GHz which depends on integrated RFIC in the USRP. Few popular

RFICs are AD9361, AD9364. AD9371 etc. In our SDR based MIMO testbed

two UBX-160 RF daughterboards per X310 USRP are used. The architecture of

the wideband full-duplex UBX-160 RF daughterboard is shown in the Fig. 2.17.

UBX-160 uses low pass filters in its transmit and receive RF chain and it has

direct conversion path from 500 MHz to 6 GHz. Recently, SDR are being devel-
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Figure 2.17: UBX-160 RF board architecture.

oped for mmWave measurements and prototyping such as mmWave measurement

setup from national instruments and multi-channel hedgehog SDR by BAE sys-

tems. However, in order to use X310 USRPs at higher frequencies upconverters

can be used. There are few examples where SDR based measurements have been

performed at higher frequencies such as 60 GHz and 28 GHz. Authors in [16]

have performed an excellent review of mmWave upconverter usage and addressed

the prevalent problem of phase noise. Authors in [17] have used SiverIMA up-

converter and performed BER measurement at 60 GHz using X310 USRP for

mmWave vehicle-to-vechicle communication. Authors in [18] have designed and

tested RFNoC testbed for 60 GHz measurements using GNU Radio framework.

USRP based platform for 26/28 GHz has been used in work [19] for beamforming

applications.

2.10 Baseband Waveform Development Platforms

Baseband development is one of the main parts for SDR based testbed. The

choice of baseband waveform development platform plays a major role in data

portability and post-processing of the data. There are three well-known baseband

waveform development platforms that are used for SDR based signal processing
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and communication algorithm implementation. GNU Radio, MATLAB/Simulink

and LabView are used for baseband waveform development. This work has ex-

tensively used GNU Radio and MATLAB/Simulink for MIMO BER and EVM

measurements in metal enclosure. Selection of baseband waveform development

platform depends on various factors such as host architecture OS, low code com-

plexity, ease of the deployment and type of USRP. For example for UAV com-

munication Rasberry Pi 4 and GNU Radio combination shall be suitable and

for high data-rate reverberation chamber based measurement NUC and/or other

high performance host PC with MATLAB/Simulink, GNU Radio or LabView

combination shall meet the requirements.

2.10.1 GNU Radio

GNU Radio is a signal processing library used for the development of baseband

communication models. Similar to Simulink GNU radio offer GRC canvas. GRC

is a graphical interface that sits on top of the normal GNU Radio programming

environment that is in Python. GRC translates the flowgraph we create in the

GUI canvas here into a Python script, so when we execute a flowgraph, we are

really running a Python program. The IQ data generated by GNU Radio base-

band model is sent to SDR platform over Ethernet cable, USB 3.0, SFP+ or

PCIe for further hardware processing and RF transmission. GNU Radio is an

open-source platform for communications and signal processing development that

provides numerous native and OOT projects such as IEEE 802.11a/g/p WLAN,

IEEE 802.15.4 Zigbee, LPWAN, LoRA, Radar, radio astronomy. Additionally,

the customs blocks can be produced using Python programming and there is an

excellent GNU Radio community support available through GNU Radio forum.

Signal processing blocks are written in C++ and the binding of these blocks is

performed using Python. Native embedded python block can be used for develop-

ment of own signal processing blocks in GRC. Signal flow graph python code can

be generated and later can be parameterized and used directly from the terminal.
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2.11 Conclusion

In this chapter the details of SDR-based near-field MIMO tesbed is presented.

Simulink based baseband model has been explained to measure 2x2 MIMO chan-

nel matrix using frequency-swept approach. Two approaches to extract MIMO

channel are explained one is using virtual MIMO when on Tx antenna is active

and two Rx antenna are active and another when both the channels of USRP

are active. The later has benefit of capturing mutual coupling and correlation.

Measured channel frequency response in metal enclosure at eight stirrer position

is presented as an example. The importance of reprogrammable, portable nature

of SDRs, and baseband development has been highlighted. Important digital re-

ceiver concepts that are frequently used in SDR based development are explained

and related to the practical implementation of the wireless communication re-

ceiver. The process of digital upsampling and downsampling has been produced

with the help of GNU Radio measurement. Near-field MIMO testbed mainly

comprises of Ettus X310 USRPs, hence the architecture of X310 USRP is also

explained. Different RF daughtercards that can be useful for the RF propagation

are also enlisted. Finally, near-field MIMO testbed limitations such as crosstalk,

bandwidth, underflow and overflow that can affect measurements are explained.
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Chapter 3

Channel Measurement, Modeling and Diversity

3.1 Introduction

Wireless chip-to-chip channel has potential to exhibit all forms of propagation

configurations and fading scenarios. Wireless C2C channel can appear in different

forms such as LOS, NLOS or partially blocked, the fading can be isotropic or non-

isotropic. There are many factors that can shape wireless C2C channel to name

a few are ;if not all, operating frequency, antenna placement, type of antennas,

number of antennas, the number of scatterers around Tx and Rx antennas, type of

polarization, near-field scattering. In order to develop empirical model for wireless

C2C channel it’s important to apply fitting to measured data using different

statistical models. Akaike information criteria (AIC), generalized likelihood ratio

test (GLRT) and Kolmogorov-Smirnov (KS) tests are used to determine type of

distribution that closely fits the measurement data. Following sections explain

classical fading distributions with first and second order parameters.

3.2 Classical Fading Distributions

Classical fading distribution Rayleigh and Rician distributions are use to describe

field distribution of wireless channel. Following distributions are useful which are

used for various fading scenarios [1][2][3]. Classical fading distribution are charac-
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terized by PDF, CDF, moment generating function, characteristic function,mean

and variances respectively [4].

• CDF: CDF of random variable X is defined as:

fX(x) = P [X ≤ x] =

∫ x

−∞
pU(u)du (3.1)

• MGF: MGF of random variable X is defined as:

MX(s) =

∫ ∞
−∞

exp (sx)pX(x)dx (3.2)

• CF: Characteristic function of random variable X is defined as CX(ω) =

E[exp (jωX)] which can be expressed as:

CX(ω) =

∫ ∞
−∞

exp (jωx)fX(x)dx (3.3)

CF can be obtained from MGF by putting s = jω.

3.3 Gaussian or Normal Distribution

This distribution is very popular and widely used distribution in wireless com-

munication. This is evident from central limit theorem which says sum of large

number of continuous random variables is Gaussian distributed. A random vari-

able X is said to be Gaussian distributed if the r.v. has following PDF:

fX(x) =
1√
2πσ

exp

(
−(x− µ)2

2σ2

)
(3.4)

and its CDF is:

fX(x) = 1−Q
(
x− µ
σ

)
(3.5)

In short Gaussian distributed random variable X with mean µ and variance σ2

is written as X ∼ N (µ, σ2).
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3.4 Rayleigh Distribution

Rayleigh distribution is used to fit the measured data when the received signal is

a sum of all the reflected multipath components and no line-of-sight component

is present [5]. Indoor and outdoor NLOS fading channels are characterized using

Rayleigh fading. The PDF of Rayleigh distribution is

p(α) =
α

σ2
e−

σ2

2σ2 ;α ≥ 0 (3.6)

and the CDF of Rayleigh distribution is given by:

P (α) =


1− e−

α2

2σ2 ; α > 0

0

(3.7)

Envelope of Rayleigh distribution can be obtained using two i.i.d Gaussian ran-

dom variables with mean µ = 0 and variance σ2 = 1.

α =
√
X2

1 +X2
2 ; X1 ∼ N (0, 1);X2 ∼ N (0, 1) (3.8)

Mean and variance of Rayleigh fading envelope is:

E(α) = σ

√
π

2
;V ar(α) =

(
2− π

2

)
σ2 (3.9)

3.5 Rician Distribution

Rician distribution is used to fit the measured data when line-of-sight or stronger

reflections are present in the received signal in addition to multipath fading com-

ponents. The PDF of Rician distribution is:

p(α) =
2(1 +K)e−Kα

Ω
e−

(1+K)α2

Ω I0

(
2
√
Kα

√
1 +K

Ω

)
;α ≥ 0 (3.10)
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Envelope of Rician distribution is obtained using two IID Gaussian random vari-

ables i.e.

h =
√
X2

1 +X2
2 ; X1 ∼ N (m1, σ

2), X2 ∼ N (m2, σ
2) (3.11)

Where K =
m2

1+m
2
2

2σ2 and Ω = m2
1 +m2

2 + 2σ2.

3.6 Nakagami-m Distribution

The Nakagami fading is a general model obtained from experimental data fitting.

Main benefit of Nakagami-m is that it can model range of fading statistics only

by changing its parameter m[6]. The PDF of Nakagami-m fading distribution is:

fα(α) =
2mmα2m−1

ΩmΓ(m)
exp

(
−mα

2

Ω

)
;α ≥ 0;m ≥ 1/2 (3.12)

Where Ω = E(α2). Channel gains can be modeled by Nakagami-m. For m =

1/2 the distribution is Gaussian, for m = 1 the distribution is Rayleigh fading

and large values of m, the distribution is like log-normal fading. Rayleigh and

Rician distribution can be obtained by changing the parameter m. In a nutshell,

Nakagami-m distribution can model Rayleigh, Rician, and Suzuki distribution

with an appropriate selection of parameters[7][8].

3.7 Log-Normal Distribution

Log-normal distribution is typically used to characterize shadow fading. A ran-

dom variable is said to be log-normally distributed if the logarithm of it follows

normal distribution. PDF of log-normal distribution is given as:

fX(x) =
1

x

1

σ
√

2π
exp

(
(lnx− µ)2

2σ2

)
(3.13)

Similarly, its CDF:
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FX(x) = Φ

(
lnx− µ

σ

)
(3.14)

Equivalently, CDF can be given in terms of complementary error function

FX(x) =
1

2
erfc

(
− lnx− µ

σ
√

2

)
(3.15)

3.8 Weibull Distribution

Weibull distribution is a special type of distribution. Its application to wireless

communication was lately found [9]. The PDF of Weibull distribution is related

to Rayleigh fading by y = x2/β. The PDF of Weibull fading distribution can be

written as

pr(r) =
β

Ω
rβ−1 exp

(
−r

β

Ω

)
(3.16)

The Weibull CDF of received signal r

Fr(r) = 1− exp

(
−r

β

Ω

)
(3.17)

For β = 2 is reduced to Rayleigh fading. The derivative of r

ṙ =
2

β
r1−(β/2)ẋ (3.18)

General definition of average LCR and average fade duration (AFD).

N(r) =

∫ ∞
0

ṙpṙ,r(ṙ, r)dṙ (3.19)

τ(r) =
Fr(r)

N(r)
(3.20)

Where Fr(r) is CDF of r and pṙ,r(ṙ, r) is joint PDF of sampled received signal r

and its derivative ṙ. Closed-form expression of average LCR and average AFD of
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the Weibull is obtained as

N(ρ) =
√

2πfd

(
ρ√
a

)
exp

[
−
(
ρ√
a

)β]
(3.21)

τ(ρ) =

1− exp

[
−
(

ρ√
a

)β]
√

2πfd

(
ρ√
a

)β/2
exp

[
−
(

ρ√
a

)β] (3.22)

Where ρ = r/rrms and rrms =
√
E < r2 > = Ω1/β/

√
a and a = 1/Γ(1 + 2β).

Channel capacity and second order statistics of Weibull fading distribution is

investigated by authors in [10].

3.9 Multipath Fading

Received signal is sum of LOS/NLOS multipath components that results from

scattering by objects present around transmitter and/or receiver. Wireless chan-

nel is modeled with impulse response which records attenuated, delayed and

phase-shifted copies of the original signal. Channel impulse response is a ran-

dom quantity can be written as [6]:

h(t) = a0δ(t− τ0) + a1δ(t− τ1) + . . .+ aN−1δ(t− τN1) (3.23)

Equivalently:

h(t) =
N−1∑
i=0

aiδ(t− τi) (3.24)

Received signal y(t) is convolution of transmitted signal x(t) and channel impulse

response h(t). Mathematically, it can be written as:

y(t) = h(t) ∗ x(t) + n(t) (3.25)

=
N−1∑
i=0

aix(t− τi)ej2πfc(t−τi) (3.26)
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If two received signals have same attenuation but different time delay then two

signals are out of phase. In multipath fading channel impulse response is phasor

and is sum of real and imaginary components [11].

h(τ) =
N−1∑
i=0

aie
−j2πfcτi = x+ jy = aejφ (3.27)

=
N−1∑
i=0

ai cos (2πfcτi)− jai sin (2πfcτi) (3.28)

Hence,

<{h} =
N−1∑
i=0

ai cos(2πfcτi) and ={h} = −
N−1∑
i=0

bi cos(2πfcτi) (3.29)

3.9.1 Small-scale fading

Small-scale fading is instantaneous random variation of multipath fading and

changes in a distance of ∼ λ/2 [12] and it is often modeled as Rayleigh or Rician

fading. Small-scale fading parameter is one of the useful statistics for differentiat-

ing orthogonality in MIMO channels. Fig.3.1 shows received channel power gain

of NLOS channel in metal enclosure in stationary channel condition. Envelope of

received NLOS signal is modeled with Rayleigh fading.

3.9.2 Large-scale fading

Large-scale fading or shadow fading is a large-scale variation of fading and often

modeled with a log-normal distribution. It is a result of large-scale path loss

between transmitter and receiver. Fig.3.2 shows received channel power gain

when the stirrer moves which corresponds to changing path-loss and propagation

environment.
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Figure 3.1: NLOS received power at 5.6 GHz in metal enclosure. The Tx and Rx
gain of the USRP were 10 dB and 0 dB respectively.

Figure 3.2: NLOS received power at 5.6 GHz in metal enclosure when the stir-
rer was turned on. The Tx and Rx gain of the USRP were 10 dB and 0 dB
respectively.
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3.9.3 Path Loss

Free space path loss is function of distance d and wavelength λ. Free-space power

received by receiver at distance d [13].

Pr(d) =
PtGtGrλ

2

(4π)2d2L
(3.30)

Where Gt, Gr, and L are transmit antenna gain, receive antenna gain and system

loss respectively. Path loss quantifies attenuation suffered by signal. Logarithmi-

cally, it’s difference of power received to power transmitted.

PL(dB) = 10 log
Pt
Pr

= −10 log

[
GtGrλ

2

(4π)2d2

]
(3.31)

For transmit and receive antenna gains Gt = Gr = 1, path loss can be written as:

PL0 =

(
4πd

λ

)2

(3.32)

From equation (3.32) it’s clear that path loss is directly proportional to the square

of distance (d) and inversely proportional to square of the signal wavelength (λ).

Therefore, path loss increases as the distance between transmitter and receiver

increases. It also increases with increase in signal frequency which implies that

path loss is higher for small wavelength signal. Measured path loss from frequency

transfer function is obtained by averaging over time and frequency:

PL(d) =
1

MN

N∑
i=1

M∑
j=1

|H(fi, tj, d)|2 (3.33)

M is number of frequency response snapshots over time and N is number of

observed frequencies.

PL = PL(d0) + 10n log10

(
d

d0

)
+ χσ (3.34)
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n is pathloss exponent and χσ is shadow fading modeled with lognormal distri-

bution with mean 0 and variance σ.

3.9.4 PDP/RMS Delay Spread

PDP is defined as power of number of received multipaths as a function of time

delay. RMS delay spread can be given by following expression [11]:

τRMS =

√∑
k P (τk)τ 2k∑
k P (τk)

−
∑

k P (τk)τk∑
k P (τk)

(3.35)

τRMS =
√
τ 2 − τ (3.36)

Where P (τk) is power of kth MPC arriving at τk, τ is mean excess delay and τ 2

is second central moment of power delay profile.

τ =

∑
k P (τk)τk∑
k P (τk)

(3.37)

RMS delay spread is inversely related to coherence bandwidth. Therefore, RMS

delay spread has direct implications on the total bit rate for communication

system independent of frequency-selectivity of the wireless channel.

3.9.5 Coherence bandwidth

It’s statistical measure of range of frequencies over which the channel can be

considered flat[14]. Coherence bandwidth is measured as auto-correlation of fre-

quency transfer function H(f) [15][16]. Mathematically

R(δf) =

∫ fmax−δf

fmin

H(f)H∗(f + δf) df (3.38)

Where fmax and fmin are maximum and minimum frequencies respectively. It’s

bandwidth over which frequency spectrum is considered flat or frequency trans-

fer function is correlated. Coherence bandwidth is determined by measuring
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the width of frequency auto-correlation function at particular threshold usually

above 0.5. It’s helpful for the selection of design parameters of wireless com-

munications systems in any radio propagation environment.This parameter can

affect complexity of wireless chip-to-chip communication system as the inclusion

and selection of equalizer as a design component for combating the inter-symbol

interference (ISI) depends on this parameter. It’s inversely related to RMS delay

spread and coherence bandwidth in terms of RMS delay spread at threshold of

0.5 is given by [11]:

Bc ≈
1

5τrms
(3.39)

And at threshold of 0.9

Bc ≈
1

50τrms
(3.40)

There is extensive literature available for the measurement of coherence band-

width in different radio propagation environments such as [17] presents RMS

delay spread and coherence bandwidth measurements in indoor propagation en-

vironment. Coherence bandwidth has also been considered equivalent to average

mode-bandwidth in mode-stirred reverberant environment [18]. It’s also known

that average-mode bandwidth can be measured faster in repeatable measurement

setup such as metal enclosures or reverberation chamber.

3.9.6 Coherence Time

Coherence time is inversely proportional to Doppler frequency. It’s measured

as time duration over which channel impulse response is considered to be time

invariant [19]. Doppler spectrum and coherence time are inversely related quanti-

ties [5]. Constant of proportionality that relates two quantities can be calculated

by directly measuring coherence time and Doppler spread. Doppler spectrum is

measured using following relationship [20]:

SD(fD) =

∫
τ

SD(fD; τ) dτ (3.41)
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Table 3.1: Frequency, time and space correspondence of channel transfer function.

Frequency Time Space
Dependency f t r

Coherence Coherence bandwidth
(Bc)

Coherence time
(Tc)

Coherence distance
(Dc)

Spectral Domain Delay (τ) Doppler Frequency
(f) Wave vector (k)

Spectral Width Delay spread
(Tspread)

Doppler spread
(Dspread)

Wavevector spread
(k)

Where SD(fD; τ) is also known as scattering function in Radar systems.

3.9.7 Coherence Distance

Coherence distance Dc is defined as distance over which channel remains un-

changed. This is also known as spatial coherence. For a wireless channel transfer

function H(f, t, r) which is function of frequency f , time t, and space r, the

following table 3.1 summarizes dependency relationships.

H(f, t, r)︸ ︷︷ ︸
Transfer − function

=⇒ ΦH(∆f,∆t,∆r)︸ ︷︷ ︸
Autocorrelation-function

FT
=⇒ SH(τ, f, k)︸ ︷︷ ︸

Scattering - function

(3.42)

3.9.8 Doppler Spread

Doppler is introduced in the channel when transmitter and/or receiver are in

motion. It’s can also be introduced with motion of scatterers that comprise a

wireless channel. Doppler shift of received signal is [6]:

fd =
vfc
c

cos θ (3.43)

Where v is velocity of moving object, fc is center frequency and θ is the angle

between moving object and the mobile station. RMS bandwidth ψ(Do)(f) is

called Doppler spread and is given by:

fRMS =

√∫
(f − f̄)2ψD0(f)df∫

ψDo(f)df
(3.44)
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Where f̄ is average frequency of Doppler spectrum.

f̄ =

∫
fψDo(f)df∫
ψDo(f)df

(3.45)

Hence, the coherence time Tc of channel is

Tc =
1

fRMS

(3.46)

It is the best measure of how channel changes in time which implies higher the

coherence time, the slower the channel fluctuations.

3.9.9 Frequency flat fading

Frequency flat fading is defined as bandwidth over which spectrum remains con-

stant or is correlated. This type of fading has fixed channel attenuation or path

loss. Frequency flat fading is observed when signal bandwidth is less than the

coherence bandwidth of the channel. Frequency-flat fading is suitable for appli-

cations that require less complex receiver design.

3.9.10 Frequency selective fading

It’s bandwidth over which spectrum experiences more attenuation at some fre-

quencies and less attenuation at other frequencies. This condition of selectivity

is observed when signal bandwidth is larger than the coherence bandwidth. Fre-

quency selective fading creates inter-symbol-interference. OFDM is used as a

solution to mitigate frequency-selectivity in the channel.

3.10 Second Order Statistics

Second order statistics is important to understand wireless channel. Second order

statistics of wireless channel are level crossing rate and average fade duration.
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3.10.1 Level Crossing Rate (LCR)

It’s a rate at which the envelope passes a threshold ρth with positive or negative

slope [21]. LCR for Rayleigh fading with isotropic scattering

N(r)Ray =
√

2πfdρthe
−ρ2

th (3.47)

Where fd is Doppler shift.LCR for Rician fading with isotropic scattering

N(r)Ric =
√

2π(K + 1)fdρthe
−K−(K+1)ρ2

thI0

(
2ρth

√
K(K + 1)

)
(3.48)

Where I0 is modified Bessel function of first kind I0(x) = 1
2π

∫ 2π

0
e−xcosθdθ

3.10.2 Average Fade Duration (AFD)

Average fade duration is ratio of CDF of fading F (r) to level crossing rate N(r).

T (r) =
F (r)

N(r)
(3.49)

AFD is best to determine an estimate of the average length of burst errors. The

average period of time normalized envelope is below a threshold ρth. AFD for

Rayleigh fading with isotropic scattering

τ(r)Ray =
eρ

2
th−1

√
2πfdρth

(3.50)

AFD for Rician fading with isotropic scattering

τ(r)Ric =
1−Q

(√
2K,

√
2(K + 1)ρ2th

)
√

2π(K + 1)fdρthe−K(K+1)ρ2
thI0

(
2ρth

√
K(K + 1)

) (3.51)

Where Q(a, b) is Marcum Q-function. LCR and AFD for diversity techniques

such as SC, EGC and MRC is given in [21][22].
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Figure 3.3: Sketch of USRP based Single-Input Multiple-Output.

Figure 3.4: Sketch of USRP based Multiple-Input Single-output.

3.11 Diversity

Spatial diversity helps counteract multipath fading effects in wireless communi-

cation. It is used to increase the performance of wireless communication system.

Diversity increases signal quality because of random nature of multipath fad-

ing. In multi-branch receive diversity when one antenna is in deep fade other

antenna is not. Therefore, diversity combiner can increase instantaneous and

average SNR. In this way diversity is useful to avoid deep fades and increase

signal quality. By adopting transmit or receive diversity BER can be reduced.

Diversity can be achieved using multiple-antennas at the transmitter and/or at

the receiver. Fig. 3.3 shows multiple antennas at the receiver hence known as

receive diversity and Fig. 3.4 shows multiple antennas at the transmitter hence

known as transmit diversity. Transmit diversity is also known as Alamouti tech-
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Figure 3.5: Sketch of USRP based Multiple-Input Multiple-Output.

niques where two symbols transmitted by two antennas in time interval t1 are

complex conjugated and switched for transmission in time interval t2. Fig. 3.5

which shows multiple antennas at the transmitter and at the receiver. This setup

shows benefit of introducing both diversity and spatial multiplexing. Bit Error

Rate App is used to plot BER of QPSK modulation in different channels and it

is easy to demonstrate that diversity improves BER. Fig. 3.6 shows advantage of

using diversity. Fig. shows BER of QPSK in AWGN and fading channels and Fig.

3.6b shows QPSK BER in presence of fading. It can be noticed that the diversity

fills the gap between Rayleigh fading case and AWGN case on BER-EbNo plot.

QPSK BER approaches AWGN case as the diversity increases. This is a powerful

example of diversity enhancing quality of wireless signal and negating the effect

of fading. The curves were obtained using MATLAB BER simulation app.

3.12 Selection Combining (SC)

In multi-branch antenna system the selection combining diversity technique se-

lects the branch with highest instantaneous SNR γi. The probability that all

L-branch received signals fall below threshold ρth:
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(a)

(b)

Figure 3.6: Theoretical BER of QPSK (a) AWGN and Rayleigh fading (b)
AWGN, Rayleigh fading and Diversity L=2 to 25.
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PL(ρth) = Pr[γsc ≤ ρth] = Pr.
[
max
i
{γi} ≤ ρth

]
(3.52)

=
(
1− e−ρth/ρ

)L
(3.53)

Detailed derivation of average SNR of selection combining is present in the liter-

ature. Average SNR of selection combining is:

γsc = E [max(γi)] = Γ
L∑
i=1

(−1)i−1
[

M !

i!(M − i)!

]
1

i
= Γ

L∑
i=1

1

i
(3.54)

Selection combining is easy to implement and it does not require sophisticated

power management or additional communication circuitry. However, this tech-

niques is required to monitor wireless channel faster the fading process. Faster

scanning allows receivers to select branch with maximum SNR.

3.13 Equal Gain Combining (EGC)

In equal gain combining, received signals from all the branches are coherently

combined. Branch weights are set to unity and signals from each branch are

co-phased. Received SNR at the output of L-branch equal gain combiner is:

γegc =
Eb

(∑L
i=1 αi

)2
σ2L

=
Eb
∑L

i=1

∑L
j=1 αiαj

σ2L
(3.55)

Average SNR of equal gain combiner:

γEGC = Γ
[
1 +

π

4
(L− 1)

]
(3.56)
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3.14 Maximum Ratio Combining (MRC)

In L-branch MRC diversity received signal is combined with beamforming weights

w. Therefore, the received MRC signal:

y = wH(hx + n) = wHhx + wHn (3.57)

In MRC diversity combining the SNR at output of beamformer:

γ =
|wHh|2

σ2
n(wHw)

(3.58)

Where E{ni} = σ2
n is noise power and σ2

nw
Hw is scaled noise power or noise

power at the output of beamformer. For optimal beamformer that maximises the

SNR wHw = 1.

3.14.1 BER with MRC Diversity

Received SNR at the output of MRC combiner with two receive side independent

fading branches.

γ =
L−1∑
i=0

|hi|2P/σ2
n (3.59)

Hence, the instantaneous BER is Q
(√

γ
)
. BER with single receive antenna:

BER =
1

2

(
1−

√
γ

2 + γ

)
, and at high SNR BER ≈ 1

2γ
(3.60)

BER of L-branch MRC at high SNR is given as:

BER = C2L−1
L

1

2L

(
1

γ

)L
(3.61)

For two branch MRC, BER is given as:

BER = C2L−1
L

1

2L

(
1

γ

)L
= C2

3

1

22

(
1

γ

)2

=
3

4

(
1

γ

)
(3.62)
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Probability of deep fade decreases with diversity. Probability of deep fade for

L-branch diversity:

P

(
L−1∑
i=0

< 1/γ

)
=

(
1

γ

)L
(3.63)

The probability of deep with L-branch diversity is small.

3.14.2 Diversity capacity analysis

Information-theoretic understanding of capacity of diversity combined signal can

be obtained from the measured results. The capacity and mean of the capacity

of EGC,SC and MRC combined signal is obtained as

CSC = log2 (1 + γdiv) (3.64)

Similarly, Ergodic capacity of highly random γdiv combined signal is

C̄SC = E [CSC ] = log2 (1 + γdiv) (3.65)

There is a direct influence of power delay profile on the capacity of diversity

combined signals. This aspect of the effect of PDP on the capacity of diversity

combined signal has been theoretically investigated by authors in [23].

3.15 Conclusion

Wireless channel measurement and modeling is an important stage before a wire-

less communication system is deployed. This chapter is a summary of wireless

channel concepts and related terminology. The most common distribution tech-

niques are Rayleigh, Rician, Weibull distribution, and Nakagami-m distribution

have been explained. These distribution techniques can be classified into three

categories which encompass all classical fading distributions. Small-scale fading,

large-scale fading and path loss equations are reviewed. Additionally, RMS de-

lay spread and Doppler spread are explained. Coherence bandwidth, coherence
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time and coherence distance concepts are discussed and how these quantities are

inter-related in frequency, time, and space. Second order statistics such as level

crossing rate (LCR) and average fade duration (AFD) are important to under-

stand the severity of fading. LCR and AFD relationship in different propagation

environment is discussed. Transmit and receive diversity techniques which are vi-

tal for the signal quality improvement and BER enhancements are also discussed

with the help of diversity expressions.
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Chapter 4

Near-field MIMO BER and EVM Measurements

in Metal Enclosure

4.1 Reverberation Chamber

A reverberation chamber is a large metallic cavity which when excited gives rise

to many modes. RC has been used for electromagnetic compatibility (EMC) and

electromagnetic interference (EMI) analysis [1],[2], measurement and characteri-

sation of antenna radiation and total efficiency of antennas [3],[4],[5]. Multipath

fading environment of the chamber can be controlled by loading the RC with

objects whose function is to absorb signal energy such as radiation absorbent

material (RAM). The type of absorbing material, location of absorbing material,

and the quantity of absorbing material have a huge impact on the field distribu-

tion inside the reverberation chamber. Increased absorbing material placement

in RC absorbs more energy and field distribution changes from isotropic to non-

isotropic. This may cause channel parameters to change drastically. For example,

an increased number of absorbers shall absorb more energy and reduce the inten-

sity of fading and reduce RMS delay spread. As a consequence of reduced RMS

delay spread coherence bandwidth is increased. This means wideband signals can

be used for testing of wireless communication link without frequency-selective

fading and inter-symbol interference. OTA testing of wireless devices in loaded

reverberation chamber is performed in [6] and an approach to calculate coher-
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ence bandwidth using average mode bandwidth has been introduced. Authors

have concluded that coherence bandwidth is same as average mode bandwidth.

Average mode bandwidth is easier to measure than coherence bandwidth.

4.2 Q-factor and Rician Factor Measurement

Reverberation chamber is often characterized using Q-factor which can be used

to estimate important wireless channel parameters such as Rician factor, RMS

delay spread and coherence bandwidth. Q-factor of the chamber can be obtained

as a function of chamber volume, operating frequency and transmission power

[7]:

Q = 16π2V c−3f 3P (4.1)

Where V is volume of the chamber, c is speed of light, f is center frequency, P

is transmitted power. K-factor can be derived from Q-factor [8].

K =
3V D

2λQd2
(4.2)

Where D = d/λ is spatial diversity and d is antenna inter-element distance.

Substituting for D and Q in above equation Rician factor can be rewritten as:

K =
3Dλ2

32π2Pd2
(4.3)

It is shown in [3] that in the chamber the delay spread (τRMS) is directly

related to the Quality factor of the chamber given by.

τRMS =
Qtotal

ω

RMS delay spread is inversely proportional to average mode bandwidth or co-

herence bandwidth. This implies Q factor is also inversely related to coherence

bandwidth. Q factor is reduced by introducing the losses in the chamber i.e. in-
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creasing the number of absorbers and hence increasing the coherence bandwidth.

4.3 Near-field Measurements using QPSK Receiver

QPSK receiver was implemented using both GNURadio as well as using MAT-

LAB Simulink. Key elements of digital receiver design were realized using signal

processing libraries from both MATLAB/Simulink and GNU Radio. In the fol-

lowing section, Simulink based QPSK digital receiver design stages are discussed.

This receiver model has been used for 2x2 MIMO BER and EVM measurements.

QPSK receiver implementation of SDR based on MATLAB/Simulink was used

for the BER and EVM measurements in a mode-stirred metal enclosure. QPSK

receiver mainly consists of the following stages:

4.3.1 Automatic Gain Control

This stage is responsible for stabilizing the received signal amplitude. Its tunable

parameters are the step size (slow and fast attack) and maximum desired output

power. The step size of AGC can have a significant effect on the input signal.

Received signal variation may have significant impact on the end-to-end BER

performance. AGC uses fast attack in case of higher signal variation to obtain

lock to desired maximum power and slow attack in case of small signal variation.

This stage affects end-to-end BER performance of the wireless communication

system for changes in input power values. Fig. 4.1 shows estimate of the input

power available at AGC when the Tx gain values were tuned from 2 dB to 12 dB.

It can be seen that estimate of input power of AGC gain increases with the

increase in USRP Tx gain.

Fig. 4.2 shows AGC output signal magnitude as a function of AGC gain

values. It can be seen that the signal magnitude increases with the increase in

AGC gain values from 20 dB to 60 dB.

73



Figure 4.1: Estimate of input power at AGC when Tx gain of the USRP was
swept from 2 dB to 12 dB and Rx gain of the USRP was set to 0 dB. AGC step
size was 0.01. The measured estimate of input power is in the metal enclosure in
presence of NLOS metal sheet between transmitter and receiver.

Figure 4.2: Output signal magnitude with AGC gain values of 20 dB, 40 dB, and
60 dB respectively. The measurements were performed in metal enclosure with
Tx gain of USRP equal to 2 dB and Rx gain of USRP equal to 0 dB.
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Figure 4.3: PSD of received signal before and after the matched signal.

4.3.2 Transmit and Receive RC Filter

RC filtering is a pulse shaping operation to suppress out-of-band radiation and

therefore more channels can be accommodated in a crowded spectrum. This

filter is implemented in two stages one half is implemented at the transmitter

and another half is implemented at the receiver[9, 10]. This operation is also

known as matched filtering. Matched filter is a linear filter that increases signal-

to-noise ratio (SNR) in presence of stochastic noise. The performance of this filter

depends on the roll-off factor and the filter order. Higher filter order requires more

computational resources and it may easily clog computer when implemented as

part of the communication system on host PC with limited resources. Fig 4.3

shows PSD of received signal before and after performing matched filtering with

root cosine receive filter. It can be clearly seen that matched filtering increases

signal strength hence SNR of the received signal.

75



4.3.3 Coarse Frequency Compensation

The coarse frequency compensation stage roughly estimates the frequency offset

present in the signal. It corrects for a rough estimate of frequency offset. Residual

frequency offset compensation is performed by a separate stage designed for the

purpose of the residue of frequency offset compensation and it’s known as fine-

frequency compensation. Coarse-frequency compensation uses an FFT-based or

correlated-based algorithm to correct the rough estimate of frequency offset. Us-

ing FFT-based algorithm frequency deviation ∆f̂ can be given as[11]:

∆f̂ =
fsamp

N ·m
arg max

f

∣∣∣∣∣
N−1∑
k=0

rm(k)e−j2πk/N

∣∣∣∣∣ ,
(
−Rsym

2
≤ f ≤ Rsym

2

)
, (4.4)

Where Rsym is symbol rate, rm(k) is mth power of received signal. Frequency

deviation is estimated by periodogram of the mth power of received signal. QPSK

constellation continuously rotates clock-wise or anti-clockwise this depends on

whether the frequency offset is positive or negative.

Fig. 4.4 shows frequency offset and mean frequency offset when the stirrer

was off and stirrer was on. It can be seen from Fig. 4.4a that there is a frequency

offset with its mean falling below 50 Hz. Frequency offset and mean frequency

offset is shown for six Tx gains values of X310 USRP. Similarly, Fig. 4.4b shows

frequency offset and mean frequency offset when the stirrer was turned on. It

can be seen that frequency offset is time-varying which is evident because of stir-

rer pedal rotation. Low and high maximum gain values can be observed as the

position of the stirrer changes. In response to stirrer pedal position and received

signal strength the response of AGC changes and as a result coarse frequency

compensation block which relies on AGC output also changes and produces fre-

quency offset measurement values. It can be noticed there are instances of high

frequency offsets which can be tracked by coarse frequency compensation block.

The compensation depends on tracking range of the coarse frequency compensa-

tion block which is 12.5 KHz in the experiments. It’s sufficient value to track the
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(a) Frequency offset and mean frequency offset when stirrer is off

(b) Frequency offset and mean frequency offset when stirrer is on

Figure 4.4: Frequency offset and mean frequency offset in metal enclosure when
the stirrer was off and when it was on. The measurements were performed in
metal enclosure with NLOS metal sheet and the Tx gain was swept from 2 dB to
12 dB and the RX gain of the Rx USRP was kept 0 dB.
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frequency offset. Three instants of maximum frequency offset are within tracking

range of coarse frequency compensation block. If any instant of frequency offset

is higher than the tracking range of the coarse frequency compensation stage then

it may go uncorrected. It has a direct effect on the performance of the carrier

frequency or fine-frequency compensation stage. It hurts the BER of two USRP

channels.

4.3.4 Symbol Synchronization

The symbol synchronization stage is one of the crucial steps in the design of the

digital receiver. There are different algorithms used for symbol synchronization.

This stage is the PLL-based stage. It corrects the timing errors i.e.groups the

received samples around ideal sampling points. The tunable parameters of this

stage are the damping factor and normalized loop bandwidth. This stage uses

a non-data aided timing recovery algorithm in a timing error detector (TED).

Symbol synchronization immediately follows the coarse-frequency compensation

stage. This is the reason that QPSK constellation rotates because there is still

uncorrected residual frequency offset present. The effect of symbol synchroniza-

tion or the timing recovery is seen after the fine-frequency compensation or carrier

synchronization stage. Fig. 4.5 shows normalized symbol timing errors. It can

be seen from Fig. 4.5a that there is initial timing error transient and later it set-

tles down when the PLL has converged. There are also high values of transients

at the end of Simulation for each Tx Gain values. It was observed that these

timing errors are caused by underruns and overruns at transmitter and receiver

respectively. It’s clear from these measurements that when there are underruns

and overruns data is lost. The receiver is not running in real-time. There are

timing errors and hence the BER and EVM may not be tractable and reliable for

end-to-end performance analysis of communication system. In contrast to Fig.

4.5a which shows underruns and overruns at the very end. After following the

guidelines to overcome underflow and overflow as suggested in previous chapter,
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(a) Symbol timing error in presence of underruns and overruns

(b) Normalized symbol timing error without underruns and overruns

Figure 4.5: Normalized symbol timing errors in metal enclosure with NLOS metal
sheet. The Tx gain swept from 2 dB to 12 dB and the Rx gain of the Rx USRP
was kept 0 dB.
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the Fig. 4.5b shows no underflow except initial transient period. The BER and

EVM are reliable in this case. There was no inconsistency observed in the mea-

surements. In this case in absence of underflows and overflows if there is data

loss then it should be attributed to reduced signal strength or strong in-band

interference. The QPSK receiver and SDR based measurement setup is tested

extensively for BER measurements. End-to-end BER measurement was tested as

a function of each block in the receiver independently also the chain effect of the

tunable parameters in each block was considered. This resulted in hundreds and

thousands of experiments to reach at the point of confidence after which mea-

surements are included in thesis. BER measurement were performed for longer

duration to check the stability of testbed and reliability of QPSK receiver stages.

It was tested in metal enclosure so that no outer RF interference affected the

measurements. Since end-to-end BER measurement were conducted reliably as

a function of Tx USRP gain and after carefully considering the QPSK receiver

parameters. Only problem was when the samples were lost because of the un-

derflow and overflow. Measurements were conditioned to stop on any instance of

underflow and/or overflow.

4.3.5 Fine Frequency Compensation

Residual frequency offset that is not corrected by coarse frequency compensation

stage is corrected at this stage. This stage compensates residual frequency offset

and the effect can be seen in the form of no rotation of QPSK constellation.

Received samples are grouped and are closer to ideal sampling point. This stage

is also PLL-based and its tunable parameters are the damping factor and the

normalized loop bandwidth. This block removes rotation and establishes lock

to a particular constellation state and hence it may or may not introduce phase

ambiguity. Fig.4.6 shows measurement setup where USRP X310 is connected

to host PC via Ethernet cable. The output and input port of the USRP X310

is connected with the transmitting and receiving vertically polarized monopoles
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Figure 4.6: Measurement setup for QPSK receiver and BER measurement in the
metal enclosure. The measurements are performed when the Tx gain and Rx gain
of the USRP X310 are set to 10 dB and 0 dB respectively.
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(a) (b) (c)

(d) (e) (f)

Figure 4.7: QPSK constellation diagram at different stages of the digital re-
ceiver (a) before AGC (b) after AGC (c) After Rx RC (d) after coarse frequency
compensation (e) after symbol synchronisation (f) after fine frequency compen-
sation.The constellation plots are recorded from an experiment at 5.6 GHz in the
metal enclosure.

operating at 5.6 GHz.

4.3.6 Preamble Detector

One of the important stage for data detection is frame detection. This is done

by adding preamble to the data frame. Preamble can be sequence of 1s and

0s.However, well-structured preamble are already investigated. Hence, QPSK re-

ceiver uses Barker-13 code as a preamble for frame detection. Tunable parameter

for this stage is detection threshold. Therefore, the measurements are sensitive

to detection threshold. There is trade-off in selection of threshold being too tight

and too relaxed. Preamble detector generates too much symbol index when the

threshold is too low and frame detection is missed if the threshold set too high.

Fig.4.8 shows preamble detection metric where from we can choose threshold.
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Figure 4.8: Preamble detection metric.

For too low threshold such as 0.6 there are many preamble locations as shown

in Fig.4.9a. Ideally there should be one preamble location per frame. Therefore,

from Fig. 4.8, a threshold of 6 can give only one preamble location per frame.

Fig.4.9b shows this was achieved by setting threshold metric to 6.

4.3.7 Frame Synchronization

Barker-13 code is useful for frame synchronisation.Barker code is over sampled

by factor of 2 and used as frame header.Therefore, auto-correlation of received

frame results in peaks at every 13th bit. After performing frame synchronization

frame header is removed and rest of the frame samples are down streamed for

data decoding and BER measurement.
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(a)

(b)

Figure 4.9: Preamble detection (a) Preamble index with threshold=0.6 (b)
Preamble index with threshold=6.
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Figure 4.10: Mean phase angle in radians input to phase ambiguity resolution
block.

4.3.8 Phase Ambiguity Resolution

After the frame synchronisation data decoding is performed where the trans-

mitted text or image is recovered. Phase ambiguity is realized as part of data

decoding stage. Phase ambiguity resolution is used to correct phase ambiguity

introduced in the constellation. Received constellation diagram after different

stages of synchronization may visually look locked to ideal constellation points

but it might have incurred phase shift. Carrier synchronizer or fine-frequency

compensation block in the digital receiver locks to phase which can be compen-

sated by phase ambiguity block shown in Fig. 4.10. It can be seen that the carrier

synchronizer locks to a different phase every time Simulink restarts for Tx gains

values of the USRP.

The mean estimate phase angle is input to phase ambiguity resolution block

and the phase ambiguity for QPSK is resolved by the following code.

1 function Out = phasedecision(In)
2 % Map the estimated phase to one of −pi, −pi/2, 0, pi/2,
3 %#codegen
4 Out = round(In.*2./pi)./2.*pi;
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5 %% OR
6 % The above processing is equivalent to the following ...

processing using
7 % if/else statements
8 if In<pi/4 && In>−pi/4
9 Out = 0;

10 elseif In≥pi/4 && In<pi*3/4
11 Out = pi/2;
12 elseif In≥pi*3/4 || In≤−pi*3/4
13 Out = −pi;
14 else
15 Out = −pi/2;
16 end

The phase ambiguity resolution for BPSK modulation which has only two possible
phases i.e 0 or π is resolved using following MATLAB code.

1 function Out = phasedecision(In)
2 if In<pi/2 && In>−pi/2
3 Out=0;
4 else
5 Out=pi;
6 end

Alternatively, differential encoded modulation techniques are suitable for trans-

mission such as DBPSK, DQPSK, DMPSK etc where differential phase between

adjacent symbols is transmitted instead of the absolute phases.

4.4 BER and EVM Measurements

Error vector magnitude (EVM) and bit error rate (BER) are two important com-

munication system metrics. EVM is useful quantity to measure algorithmic per-

formance of communication systems. EVM is a difference between ideal con-

stellation point and the received constellation samples around ideal constellation

point[12].

EVMRMS = 100×

√√√√N−1∑
k=0

econst(k)
N−1∑
k=0

(
Re(ȳ(k))2 + Im(ȳ(k))2

)
(4.5)

where

econst(k) = (Re(y(k))− Re(ȳ(k)))2 + (Im(y(k))− Im(ȳ(k)))2 (4.6)
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Where ȳ(k) is reference symbol for y(k). EVM in dB can be written as:

EVMdB = 20 log10

(
EVMRMS

100

)
(4.7)

Tx gain (dB) PRx (dBm) BER EVM (%)
2 -75.49 0.1519 85
4 -73.93 0.05579 34.6
6 -72.17 0.01217 24.5
8 -70.23 0.00056 30.8

Table 4.1: Measured received power, BER and EVM. Averaging length of AGC
and USRP Rx gain is set to 60 and 0 dB respectively.

Averaging Length BER EVM (%)
50 0.01217 30.8
60 0.0126 29.8
80 0.00987 30
100 0.00811 28.9
120 0.0098 29.1

Table 4.2: BER and EVM measurement with transmitter gain Tx=6 dB and
receiver gain Rx=0 dB.

Max. Avg. Power Gain (dB) BER EVM (%)
50 0.0095 95.7
60 0.01044 86.7
70 0.01054 57.8
80 0.01042 29.9

Table 4.3: BER and EVM measurement as a function of maximum average power
gain of AGC. AGC average length=60, AGC step size=0.01,Tx gain=6 dB and
Rx gain=0 dB.

4.5 MIMO BER and EVM Measurements

Near-field MIMO BER and EVM measurements are performed using wideband

antennas at frequency of 5.6 GHz in the metal enclosure. For this four wide-

band antennas have been used. The distance between transmitter and receiver
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Step Size BER EVM (%)
0.01 0.01217 30
0.001 0.01117 29
0.0001 0.01099 28

Table 4.4: BER and EVM measurement as a function of AGC step size.AGC
averaging length is set to 60 and AGC maximum power gain is 80.

Figure 4.11: Overall measurement setup for Spatial BER and EVM measurement.

is kept fixed and the distance between transmit elements and receive antenna

elements is also kept fixed for all RF frequencies. The overall measurement setup

for MIMO BER and EVM measurement is shown in Fig. 4.11 where vertically

polarized UWB transmit and receive antennas are mounted such that Tx and

Rx antennas face each other. Tx and Rx UWB antennas are connected to Tx

and Rx ports of X310 USRPs. Data transfer between host PC and USRPs takes

place over 1 Gigabit Ethernet cable. There is no underflow and overflow during

the measurements. The measurements are performed in stationary channel con-

ditions. Fig. 4.11 shows overall measurement setup which consists of two host

PCs, two USRPs, Octoclock-G, metal enclosure and broadband antennas. Fig.
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(a) (b)

(c) (d)

Figure 4.12: 2x2 MIMO BER and EVM measurement setup inside cavity (a)
MIMO antennas and inside view of cavity (b) front view of antennas (c) side
view of antennas (d) top view of antennas.
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4.12 shows internal view of the metal enclosure including stirrer, broadband an-

tennas attached to metal enclosure panel. This also shows front view, side view

and top view of broadband MIMO antenna configurations. BER measurement

is performed using the QPSK receiver. Before running the model USRPs were

frequency calibrated. Frequency offset of 17.19 Hz was found using frequency cal-

ibration transmitter and receiver baseband models which is tractable by coarse

frequency compensation block. The baseband QPSK receiver is configured to

operate in spatial multiplexing with two decodable streams. The 2x2 MIMO

QPSK baseband transmitter and receiver is shown in Fig.4.13. The baseband

model show two streams are being reshaped into two column vectors for digital

upconversion and transmission over the channel using two USRP channels. Addi-

tionally, it can be seen that the SDRuTransmitter and SDRuReceiver blocks are

set to count total number of underruns and overruns. BER display shows BER,

the total number of received bits and the number of bits that are corrupted. The

flowchart of the measurement process is shown in Fig. 4.14 which shows critical

design and measurement steps. The flowchart is has multiple conditions one of

the critical is underflow and overflow. The flowchart summarizes all the steps

from baseband models and USRP initialization to loading of the metal enclosure.

There are many tunable parameters in the QPSK transmitter and receiver

baseband model. At the baseband receiver side the parameters can be adjusted

to meet the requirement for understanding the effect of channel on key perfor-

mance indicators such as BER and EVM. The USRP configuration parameters

are summarized in the table 4.5. Additionally, the detailed parameter configu-

ration for SDRuTransmitter and SDRuReceiver block are shown in appendix-B.

SDRuTransmitter and SDRuReceiver block contains fields for USRP configura-

tions such as channel mapping, center frequency, LO offset, number of samples,

master clock rates, and interpolation/decimation factors. Earlier version of the

MATLAB also required sampling time field which was calculated based on master

clock rates and the decimation factor at the receiver.
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Figure 4.13: 2x2 MIMO QPSK transmitter and receiver Simulink baseband
model. The Tx streams are shaped to produce two column vectors for each
of the two USRP channels. In GNU Radio the two streams can be fed directly
to UHD transmitter block.

Parameters Values
Channel Configuration MIMO
Channel Mapping [1 2]
Frequency 5.6 GHz
Sampling Rate 400 ksps
Clock Rate 200 Mbps
Interpolation/Decimation 500

Table 4.5: USRP configuration and QPSK baseband model parameters.

Tx Gain (dB)
Rx Gain=0 dB

Channel 1 Channel 2
Prx(dBm) EVM (%) BER Prx(dBm) EVM (%) BER

2 -71 87.2 0.03344 -68 81.8 0.007452
4 -69 84.2 0.00787 -66 77.2 0.003448
6 -67 79 0.002508 -64 70 0.002497
8 -61 58 0.003508 -61 61 0.004007

Table 4.6: BER and EVM measurement in the metal enclosure using 2x2 MIMO.
Maximum power gain of AGC is set to 60 and RF frequency is 5.6 GHz.
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Figure 4.14: Flowchart of MIMO BER and EVM measurement process.
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Tx Gain (dB)
Rx Gain=0 dB

Channel 1 Channel 2
Prx(dBm) EVM (%) BER Prx(dBm) EVM (%) BER

2 -67.23 22.3 0.03473 -68.08 20.5 0.005305
4 -65.31 17.3 0.005122 -66.1 18.4 0.004709
6 -63.19 14.6 0.009308 -64 15.5 0.009397
8 -61.12 13.7 0.005441 -61.94 13.3 0.005141

Table 4.7: BER and EVM measurement in the metal enclosure using 2x2 MIMO.
Maximum power gain of AGC is set to 80 and RF frequency is 5.6 GHz.

Figure 4.15: Channel 1 and channel 2 QPSK constellation diagram at 5.6 GHz.
AGC gain=60, Rx Gain=0 dB and Tx Gain varied from 2 dB to 8 dB with step
of 2 dB.

Table. 4.6 shows BER and EVM measurements of two USRP channels at

frequency of 5.6 GHz and AGC gain of 60. It can be seen that the BER and

EVM of two SDR channels improves as the TX gain of the USRP is increased.

Table 4.7 shows BER and EVM measurement of two USRP channels at frequency

of 5.6 GHz and AGC gain of 80. It can be seen that the BER and EVM of two

SDR channels improves as the Tx gain of the USRP is increased. A noticeable

difference in the measured BER and EVM values can be observed for AGC gain of

60 and 80 respectively. For both the cases BER and EVM values improve however,

the BER values decrease faster for AGC gain value of 80. This is because of the

extra increase in the AGC gain.

Fig, 4.15 shows QPSK constellation diagram of two USRP channels. The

QPSK constellation diagram is recorded after carrier synchronization for different

Tx gain values of the USRPs. It can be seen that the USRP channel 2 is better
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Figure 4.16: Channel 1 and channel 2 QPSK constellation diagram at 5.6 GHz.
AGC gain=80, Rx Gain=0 dB and Tx Gain varied from 2 dB to 8 dB with step
of 2 dB.

than USRP channel 1. Additionally, the two USRP channel QPSK constellation

diagram improves as the Tx gain of the USRP increases which corresponds to

improved BER and EVM measurements. Fig, 4.16 shows QPSK constellation

diagram of two USRP channels for AGC gain of 80 and different Tx gains. The

QPSK constellation diagram is recorded after carrier synchronization for different

Tx gain values of the USRPs. It can be seen the two USRP channels have better

performance at low Tx gain values in contrast to when AGC gain was 60. Similar

to the theoretical predictions and previous measurements, the two USRP channel

QPSK constellation diagrams improve as the Tx gain of the USRP increases which

corresponds to improved BER and EVM measurements.The measurements are

performed at stationary channel conditions when the mode-stirrer was off. Mode-

stirrer rotation has direct implications on the measured BER and EVM values

because when mode-stirrer rotates channel becomes non-stationary. The channel

power gain of the MIMO communication link varies drastically as a result AGC

at the receiver tries to compensate low and high gain values to stabilise received

signal for carrier frequency offset correct. Hence EVM measurement of two USRP

channels is not stationary because of time-varying channel power gain and time

varying frequency offset. The same measurements were repeated when the mode-

stirrer was turned on. In presence of mode-stirrer rotation the MIMO channel
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Figure 4.17: Channel 1 and channel 2 QPSK constellation diagram at 5.6 GHz
in mode-stirred metal enclosure. AGC gain=60 dB, Rx Gain=0 dB and Tx Gain
varied from 2 dB to 8 dB with step of 2 dB.

is time-varying, therefore the constellation diagram and MIMO digital receiver

KPIs are also time-varying. Figure 4.17 shows QPSK constellation diagram of

two SDR channels. It can be seen that the QPSK constellation diagrams are also

time-varying as the mode-stirrer rotates the received power values changes whose

effect is visualized in the form of constellation diagram with low and high gain

values. This means the BER and EVM are also time-varying. Average BER and

EVM of two SDR channels is summarized in table 4.8.

Fig. 4.18 shows time-varying EVM of two SDR channels for Tx gain values

from 2 dB to 8 dB respectively. It can be seen that the SDR channel 1 EVM has

high variation in max and min values of EVM. SDR channel 2 is more stable.

Note that the possible cable faults were ruled out by exchanging the two USRP

channels which resulted in exactly similar performance. In other words, SDR

channel 1 EVM was better than SDR channel 2 EVM.
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Figure 4.18: Channel 1 and channel 2 instantaneous EVM measurement at 5.6
GHz in mode-stirred metal enclosure. AGC gain=60 dB, Rx Gain=0 dB and Tx
Gain varied from 2 dB to 8 dB with step of 2 dB.

Tx Gain (dB)
Rx Gain=0 dB

Channel 1 Channel 2
Avg.

Prx(dBm)
Avg.

EVM (%) BER Avg.
Prx(dBm)

Avg.
EVM (%) BER

2 -69.31 59.15 0.01453 -69.18 67.63 0.005529
4 -65.62 49.61 0.007342 -67.30 59.27 0.000832
6 -63.92 37.84 0.005759 -65.27 48.08 0
8 -61.50 23.9 0.001682 -63.16 33.99 0

Table 4.8: Two Channel BER and EVM measurement in mode-stirred metal
enclosure at 5.6 GHz. Maximum AGC=60, Rx Gain=0 dB and Tx Gain is varied
from 2 dB to 8 dB with step of 2 dB.
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4.6 MIMO BER and EVMMeasurements in Pres-

ence of MIMO Interference

The EVM and BER of the QPSK receiver is tested in presence of MIMO in-

terference generated by B210 USRP. The measurement setup is shown in Fig.

4.19 which shows MIMO antenna configuration and MIMO antenna interference

antennas attached to the enclosure lid. B210 USRPs which generated MIMO

interference can also be seen on the enclosure lid. The Tx and Rx antennas are

placed at a distance of 50mm and inter-element distance between transmit and

receive elements is 45mm. The MIMO interference signal which is white Gaus-

sian noise is generated using B210 USRP. GNU Radio based flowgraph as shown

in Fig. 4.20 which has been used to generate white Gaussian noise. Fig. 4.21

shows IQ data and histogram of the generated noise signal. The noise parameters

such as its mean and variance can be controlled using QT GUI slider. Addition-

ally, the Tx gain of B210 USRP can be changed dynamically. The noise samples

can be generated for the required time period using Head block of GNU Radio.

The head and skip head block can be used to receive a fixed number of samples.

This operations is quite helpful for repeatable measurements and monitoring the

channels effects of key performance indicators. The embedded python block can

also be used for specialized signal processing operations such as diversity and

MIMO decoders when there are no such blocks in GNU Radio library.

Fig. 4.22 shows QPSK constellation diagrams in the presence of interference.

It can be seen that the SDR channel 1 and SDR channel 2 constellation diagram

degrades as the interference increases. The degradation can be observed in the

increase of noise cloud variance. However, the QPSK constellation diagram can

be improved by increasing the Tx gain of the communication link USRP (the noise

cloud around ideal QPSK symbol decreases). Fig. 4.23 shows QPSK SDR channel

1 and SDR channel 2 when the Tx gain value is increased from 8 dB to 10 dB. The

difference is clear noise cloud variance has reduced because of the increased Tx
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Figure 4.19: 2x2 MIMO BER and EVM measurement setup in presence of MIMO
interference. The measurements are conducted in an empty enclosure. Interfer-
ence signal is transmitted using two monopoles located closer to Rx antennas and
the mode-stirrer.

Figure 4.20: GNU Radio flowgraph for white Gaussian noise. GNU radio has
searchable library of signal processing blocks. Python code can be generated
from the flowgraph and more operations can be done in generated python file.
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Figure 4.21: IQ data and histogram of generated white Gaussian noise. The
magnitude and Tx gain of the USRP can be changed using QT GUI range block.

Figure 4.22: Channel 1 and channel 2 QPSK constellation diagram at 5.6 GHz
in the metal enclosure in presence of MIMO interference. AGC gain=60 dB, Rx
Gain=0 dB and Tx Gain= 8 dB.
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Figure 4.23: Channel 1 and channel 2 QPSK constellation diagram at 5.6 GHz
in the metal enclosure in presence of MIMO interference. AGC gain=60 dB, Rx
Gain=0 dB and Tx Gain= 10 dB.

gain, however it can also be seen that the two SDR channel performance degrades

when the interference power is increased. For higher interference power values

the state of QPSK constellation diagram is same. This implies that the BER and

EVM performance can not be improved by only spending on communication link

power. For high interference power there is clear evidence of BER floor beyond

which performance can not be improved.

Fig. 4.24 and Fig. 4.25 shows measured EVM of SDR channel 1 and channel

2 for the gain values interfering B210 USRP are increased from 60 db to 75 dB. T

The EVM of two SDR channels is constant except the jump in EVM values when

interfering USRP gain values are increased. The constant EVM shows that the

measurements are conducted in an stationary environment. It’s clear that EVM

degrades as interference signal level increases from 60 dB to 75 dB. However,

from these figures it can be observed that there is EVM gain as the Tx gain of

the communication USRP increases from 8 dB to 10 dB. Similarly, the BER of

two SDR channels is measured as a function of interferer Tx gain values as shown

in Fig. 4.26. The measured BER is as low as 10−9 at SDR channel 1 for Tx gain

values of 10 dB. The BER at same SDR channel degrades to 1 when the interfering

USRP gain value is set to 75 dB. The best BER values for SDR channel 1 at 8

dB and 10 dB are 10−9 and 10−3 which degrades as the gain of interfering B210
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Figure 4.24: Measured EVM of channel 1 and channel 2 in presence of different
levels of MIMO interference. Tx gain of the USRP is 8 dB.

Figure 4.25: Measured EVM of channel 1 and channel 2 in presence of different
levels of MIMO interference. Tx gain of the USRP is 10 dB.
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Figure 4.26: Measured BER of SDR channel 1 and SDR channel 2 in presence of
different MIMO interference levels.

USRP increases. The worst case BER are observed when at interference gain

values of 75 dB. The text information at the main communication link becomes

undecodable at the interference gain values of 75 dB.

4.7 BERMeasurement in Empty and Loaded Metal

Enclosure in Presence of MIMO Interference

In previous section BER and EVM were measured in presence of interference

in an empty metal enclosure. Here, the BER performance is measured in an

empty enclosure and when the enclosure is loaded with the losses. Here BER

performance of near-field MIMO communication link is measured as a function

of transmit gain, enclosure losses and interference level. The measurement setup

two channel BER and EVM is shown in Fig. 4.27. The mode-stirrer has been

removed to avoid the effect of clustering when the measurements are done in

stationary channel conditions. The measurements are performed in both empty

enclosure and when the enclosure is loaded with RF absorbers.
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(a) Empty enclosure (b) Loaded enclosure

Figure 4.27: 2x2 MIMO BER measurement setup in presence of MIMO interfer-
ence when metal enclosure is empty and loaded with ten piece of absorbers.

Fig. 4.28 shows measured BER of channel 1 and channel 2 in an empty metal

enclosure at different interference gain values. The two SDR channel values were

extracted by configuring the QPSK receiver in sweep mode. This was useful to

avoid data management problems that would have resulted when changing the

gain values manually for each BER values. The BER values for channel 1 at

interference gain of 55 dB and the Tx gain of USRP of 6 dB is less than 10−5 and

there are no errors for Tx gain of 8 dB and 10 dB respectively. There are only

three data points and BER plots follow standard waterfall curves. It can be seen

that there are higher BER values at lower Tx gain values as the interference is

dominant at these values for all MIMO interference values. As the interference

increases the BER curves remain flat (there are only errors) for all the Tx gain

values. Fig. 4.29 shows measured BER of channel 1 and channel 2 when the

metal enclosure was loaded with ten pieces of absorber cones. It can be seen

that the measured BER degrades with the increase in MIMO interference power.

However, it requires higher MIMO interference power to get the same BER value

of channel 1 and channel 2. After the addition of 10 RF absorber cones, the

propagation becomes favourable for main MIMO communication link as seen

from the BER values (see Fig. 4.29). It has given additional communication link
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(a) (b)

(c) (d)

(e)

Figure 4.28: Measured MIMO BER of channel 1 and channel 2 in presence of
MIMO interference when the metal enclosure was empty.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.29: Measured MIMO BER of channel 1 and channel 2 in presence of
MIMO interference when the metal enclosure was loaded with ten pieces of RF
absorber cones.

105



gain from 15 dB to 20 dB. The measured BER values at 60 dB of interference gain

are better than that at 55 dB. The one reason is the addition of RF absorbers

increases the coherence bandwidth of the channel and another potential reason

is the significant attenuation of interfering signals as the interfering antennas are

located closer to RF absorbers. Therefore, there is no enough reflected energy

that would contribute to the disruption of MIMO communication link. For 60

dB of interference gain channel 2 is error-free and channel 1 has BER of roughly

10−7 at 4 dB of Tx gain and no errors at high Tx gains. The two SDR channel

BER starts to degrades at the interference gain increases. For interference gain of

85 dB value, the channel 2 is still error free at 10 dB of Tx gain whereas channel

1 BER is around 10−6. Therefore, even more dBs of interference Tx gain may be

required to break the MIMO communication link.

Fig.4.30 shows EVM measurement of SDR channel 1 and SDR channel 2. It

can be seen that with no interference the SDR channel 1 and SDR channel 2

EVM decreases. However, as the magnitude of interference increases the EVM

of channel 1 and channel 2 decreases. Channel 2 EVM has degraded instead of

improving at high interference B210 USRP gain of 75 dB . The prime reason is

because channel 2 had already higher gain than channel 1. In addition to increase

in magnitude of channel 2, there was increase in received noise interference which

has caused EVM of channel 2 to degrade further. This is also known as error

floor in terms of BER measurements that’s BER don’t improves in presence of

interfering noise irrespective of increase in Tx power of the communication link.

Fig. 4.31 shows EVM measurement of SDR channel 1 and SDR channel 2

when the empty chamber was loaded with ten pieces of absorbers and the AGC

gain remained at 50. It can be seen that both SDR channels have comparatively

stable EVM. This is because of absorption effect of the absorbers and AGC gain.

In the next experiment, effect of change in AGC gain is demonstrated on EVM

measurements of two SDR channels. EVM measurements are recorded by keeping

the same environment and USRP configuration parameters and only changing the
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(a) No Interference (b) Interference Gain=55 dB

(c) interference Gain=60 dB (d) Interference Gain=65 dB

(e) Interference Gain=70 dB (f) Interference Gain=75 dB

Figure 4.30: Measured MIMO EVM of SDR channel 1 and SDR channel 2 in
presence of MIMO interference when the metal enclosure was empty.The Tx gain
was swept from 2 dB to 10 dB. AGC gain was set to 50 dB.
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(a) No Interference (b) Interference Gain=55 dB

(c) Interference Gain=60 dB (d) Interference Gain=65 dB

(e) Interference Gain=70 dB (f) Interference Gain=75 dB

Figure 4.31: Measured MIMO EVM of SDR channel 1 and SDR channel 2 in
presence of MIMO interference when the metal enclosure was loaded with ten
pieces of RF absorber cones.The Tx gain was swept from 2 dB to 10 dB. AGC
gain was set to 50 dB.
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AGC gain from 50 dB to 60 dB.

Fig. 4.32 shows EVM measurement of SDR channel 1 and SDR channel 2

when the metal enclosure was loaded with 10 pieces of RF absorber cones. It can

be seen that the EVM has improved because the RF absorbers have increased

the coherence bandwidth and also reduce the effect of interference.

Fig. 4.33 shows plot of measured EVM of two SDR channels. It can be seen

that the EVM of SDR channel 2 starts to degrade as the Tx gain increases. This

is because of received samples shifting away from ideal sampling point on the

reference constellation diagram. For comparison QPSK constellation diagrams

show this difference clearly. At Tx gain of 8 dB, the received samples are around

reference of ideal constellation point which is shown in red star, however it not

true when Tx gain is 10 dB. The gain of the received samples can be dynamically

adjusted to keep the received constellation around ideal sampling points. The

dynamic adjustment of the Tx gain of the main communication link can done via

feedback control channel which asks the transmitted to transmit the symbols at

low-power if the path loss of the medium is small.

4.8 2x2 MIMO BER and EVM Measurements in

NLOS

In this section, 2x2 MIMO BER and EVM measurements in NLOS are presented.

MIMO communication links may exists in both LOS and NLOS in stationary and

dynamic channel conditions. MIMO capacity is increased in NLOS situation when

there is rich scattering because the channels become uncorrelated. In contrast, the

capacity of LOS channel may increase because of the presence of dominant link

and hence increase in SNR. Fig. 4.34 shows MIMO EVM measurement setup in

NLOS when the metal enclosure is empty and when the metal enclosure is loaded

with 10 RF absorbing cones. NLOS sheet is introduced between transmitting

and receiving antennas which are D = 225mm apart. The transmitting and
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(a) No Interference (b) Interference Gain=55 dB

(c) Interference Gain=60 dB (d) Interference Gain=65 dB

(e) Interference Gain=70 dB (f) Interference Gain=75 dB

Figure 4.32: Measured MIMO EVM of SDR channel 1 and SDR channel 2 in
presence of MIMO interference when the metal enclosure was loaded with ten
piece of RF absorber cones.The Tx gain was swept from 2 dB to 10 dB. AGC
gain was set to 60 dB.
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Figure 4.33: Measured MIMO EVM of SDR channel 1 and SDR channel 2 in
presence of MIMO interference when the metal enclosure was loaded with ten
pieces of RF absorber cones.The Tx gain was swept from 2 dB to 10 dB. AGC
gain was set to 60 dB.

receiving antennas are vertically monopole antennas resonating at 5.6 GHz.The

distance between transmit antenna elements is dt = 70mm, distance between

receive antenna elements is dr = 70mm, the distance between NLOS sheet and

the transmitter is Dt = 115mm, the distance between receive antennas and

the NLOS sheet is Dr = 110mm. It can be seen that Tx monopole antennas are

located closer to stirrer and Rx monopoles are located closer to RF absorber cones.

The Tx monople and Rx monopole antennas are separated by thick metal sheet

creating NLOS scenario and the partial propagation through sheet is negligible.

Hence, received signals are only through NLOS scattering. Tx and Rx antennas

could be switched such that the Tx antennas are more closely located to RF

absorbers. In this scenario more power is spent to meet the same performance

criteria because Tx waves will interact with the highly attenuating factors in the

first instant one with NLOS sheet and the other with RF absorbers. Additionally,

it depends on stirrer pedal positions and it may or may not support effective

forward propagation.
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(a) (b)

Figure 4.34: MIMO EVM measurement setup in metal enclosure (a) NLOS mea-
surement setup with absorbers (b) NLOS measurement setup without absorbers.

Fig. 4.35 shows measured EVM and received power of two USRP channels in

the presence of 10 absorbing cones. It can be seen in Fig. 4.36a that the power

increases linearly with the increase in gains of USRP channel 1 and USRP channel

2. This is a firm confirmation of proper measurement setup operation, a linear

increase in Tx USRP gains results in linear increase in average receive power. It is

important to operated USRPs in the linearity range. Similarly, Fig. 4.35b shows

QPSK EVM of both the USRP channels and the QPSK EVM increases with the

increase in USRP channels.

Fig. 4.36 shows measured EVM and received power of two USRP channels in

an empty chamber. QPSK EVM for both the channels also decreases with the

increase in TX power when there are no RF absorbers in the metal enclosure. The

received power all gain values is slightly higher in empty enclosure than loaded

metal enclosure. Additionally, the EVM in both the cases is decreases and the

EVM is higher in case of loaded metal enclosure. The EVM of USRP channel 1

decreases gradually for first Tx gain values and it satys constant for rest of the Tx
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(a) Received power of two USRP channels

(b) EVM of two USRP channels at different Tx gains

Figure 4.35: 2x2 MIMO NLOS received power measurement and EVM in the
presence of 10 RF absorber cones. Received power increases linearly as the Tx
gain increases. However, the EVM of two SDR channels decreases with the in-
crease in Tx gain.
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(a) Received power of two USRP channels

(b) EVM of two USRP channels at different Tx gains

Figure 4.36: NLOS 2x2 MIMO received power measurement and EVM of the two
USRP channels in an empty enclosure. Received power increases linearly as the
Tx gain increases. However, the EVM of two SDR channels decreases with the
increase in Tx gain.
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gain values. For first two gain values the EVN of USRP channel 1 has decreased

from 67 % and 49 % to 59 % and 36 % respectively. Hence, for the first two Tx

gain values of the USRP channel 1, the EVM decreased by 11.9 % and 26.53 %.

4.9 Conclusion

This chapter is about the design stages of SDR based QPSK digital receiver

and the relevant spatial MIMO near-field BER and EVM measurement in the

metal enclosure. Each stage of the digital receiver is explained with the direct

implication of sub-stages of QPSK receiver on BER and EVM measurements of

two USRP channels. BER and EVM measurements are performed as function

of transmit and receive antennas distances and as function of transmit antenna

gains. BER and EVM measurements improve with the increase in transmit an-

tenna gains. MIMO BER and EVM measurements are performed in presence

of MIMO interference. MIMO BER and EVM performance degrades as the Tx

gain of MIMO interference increases. It’s imperative to understand underflow

and overflow while the measurements are in progress. Underflow causes data loss

which affects specially BER measurements. MIMO BER and EVMmeasurements

are also carried out in an empty metal enclsoure and when it’s loaded with carbon

absorbers. EVM of two USRP channels have variations when the mode-stirrer is

turned on which is obvious because the channel is not stationary and the EVM

is now function of stirrer pedal potions.
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Chapter 5

Near-field MIMO Wireless Communication

5.1 MIMO System Model

The narrowband MIMO input-output relationship with NT transmit antennas

and NR receive antennas can be given as:

y = Hx + n (5.1)

Where y ∈ CNR×1 is complex received signal vector.x ∈ CNT×1 is complex trans-

mitted signal vector.H ∈ CNR×NT is complex MIMO channel matrix withNT×NR

complex channel elements. Channel elements of H are IID Rayleigh.

The narrowband MIMO input-output relationship in eq.(5.1) at time instant

k can be given as:

Y = HX + N (5.2)

Where Y ∈ CNR×k is complex received signal vector.X ∈ CNT×k is complex

transmitted signal vector.H ∈ CNR×NT×k is complex MIMO channel matrix with

NR×NT complex channel elements at time k. 2×2 MIMO channel configuration

is shown in Fig. 5.1a where the complex channel gains between each transmit and

receive antenna form MIMO channel matrix H. Similarly, Fig. 5.1b shows MIMO

configuration with MIMO channel elements where the Tx antenna elements are

separated by distance dt and Rx antenna elements are separated by distance
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dt dr

D

H

(a)

h22

h11

h21 h12dt dr

(b)

Figure 5.1: MIMO Configuration (a) MIMO channel matrix H (b) MIMO channel
elements.

dr. Transmitter and receiver are separated by a distance D. Characteristics

of MIMO system depends upon type of propagation environment, transmit and

receive antenna correlation and whether MIMO communication takes place in

LOS or NLOS environment.

5.2 MIMO Channel Capacity with Unknown CSI

at Transmitter

MIMO channel capacity with NT transmit and NR receive antennas and with

no channel state information at the transmitter and CSI only available at the

receiver and under the transmit power constraints is represented by eq. (5.3).

When there is no CSI at the transmitter available the optimal power allocation

strategy is to divide transmit power equally among all transmit antennas hence

known as equal power allocation strategy. When CSI is also available at the

transmitter water-filling algorithm proposed by Gallagar[1] is used. Water-filling

algorithm is known to perform at low SNR. i.e. if there is low SNR then it’s

better to allocate higher power to stronger channel.

C = log2

(
det

(
INR +

PT
NTσ2

n

HHH

))
bits/s/Hz (5.3)
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Here ρ = PT
σ2
n
represents SNR, INR is identity matrix of size NR ×NR.

5.2.1 Ergodic Capacity

MIMO channel capacity is a function of channel state information which is a

random quantity and the mean or average of MIMO channel capacity is known

as Ergodic Capacity.

C = E

[
log2 det

(
INR +

PT
NTσ2

n

HHH

)]
bits/s/Hz (5.4)

Where ρ = PT
σ2
n
is SNR.

5.2.2 Wishart Matrix

Wishart matrix is multiplication of channel matrix H and Hermitian of complex

channel matrix HH .From MIMO channel capacity:

C = log2

(
det

(
INR +

PT
NTσ2

n

HHH

))
bits/s/Hz (5.5)

The Wishart matrix W is given by:

W =


HHH NR > NT

HHH NR ≤ NT

(5.6)

if λ = [λ1, λ2, . . . , Nmax]
T denote non-zero eigenvalues of Nmin × Nmin Wishart

matrix, then the capacity can be written as:

C =

Nmin∑
i=1

log2

(
INR +

PT
NTσ2

n

λi

)
bits/s/Hz (5.7)

Where Nmin = min(NT , NR). From eq. (5.7) it can be seen that the MIMO ca-

pacity increases linearly as a function of the number of eigenvalues. This means
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λNmin

λ3

λ2

λ1

Figure 5.2: MIMO channel H eigenvalue decomposition.There are Nmin parallel
channels of MIMO channel matrix. Each pipe is represented by it eigenvalue λ1
to λNmin .

in MIMO communication spectral efficiency linearly increases with the minimum

of number of transmit and receive antennas. Ergodic Capacity in terms of eigen-

values λi can be written as:

E[C] = E

[
Nmin∑
i=1

log2

(
INR +

PT
NTσ2

n

λi

)]
bits/s/Hz (5.8)

Fig.5.2 shows eigenvalues of MIMO channel matrix which corresponds to Nmin

parallel pipes.

Fig.5.3 shows instantaneous IID capacity of 2x2 MIMO and 4x4 MIMO using

equal power allocation strategy. It can be seen that the instantaneous IID capac-

ity of 2x2 MIMO and 4x4 MIMO increases with the increase in SNR. It can also be

seen that the MIMO capacity increases with MIMO antenna order. Fig.5.4 shows

capacity of doubly-correlated 2x2 MIMO with equal power allocation strategy. It

can be seen that the MIMO capacity increases with the increase in SNR and the

capacity degrades when the transmit and receive correlation increases. Fig.5.5

shows 2x2 MIMO capacity when CSI is known at the transmitter and the corre-

lation is present at both transmitter and receiver side. When the CSI is known

121



0 200 400 600 800

Number of Samples

0

5

10

15

20

25
II

D
 C

a
p

a
c
it
y
 b

it
s
/s

/H
z

4x4 MIMO and 2x2 MIMO

IID Capacity

SNR=5dB, N
T
=4,N

R
=4

SNR=10dB,N
T
=4,N

R
=4

SNR=15dB,N
T
=4,N

R
=4

SNR=20dB,N
T
=4,N

R
=4

SNR=5dB, N
T
=2,N

R
=2

SNR=10dB,N
T
=2,N

R
=2

SNR=15dB,N
T
=2,N

R
=2

SNR=20dB,N
T
=2,N

R
=2

Figure 5.3: Instantaneous 4x4 MIMO and 2x2 MIMO IID capacity at different
SNRs when CSI is not known at the transmitter and best power allocation is
equal power allocation strategy.
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Figure 5.4: 2x2 MIMO capacity as a function of SNR when CSI is only available at
the receiver only and transmitter remains uninformed. When CSI is not known at
transmitter then best power allocation strategy is equal power allocation strategy.
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Figure 5.5: 2x2 MIMO capacity as function of SNR in presence of transmit and
receive correlation. Best strategy to allocate transmit power when CSI is also
known at transmitter side is by using Water-filling algorithm.

at the transmitter then optimal power allocation strategy is by water-filling al-

gorithm where stronger channel with high SNR is assigned more power. MIMO

capacity increases with increase in SNR, however for different correlation values

the performance of water-filling algorithm increases. Fig.5.6 shows 2x2 MIMO

capacity using equal power allocation and water-filling algorithm in presence of

transmit and receive correlation of ρ = µ = 0.5. It’s shown that there is capacity

loss when there is transmit and receive correlation. IID capacity is higher than

non-IID capacity i.e. correlated capacity in both scenarios when CSI is unknown

and known at the transmitter side under equal power allocation and water-filling

algorithm strategy for transmit power distribution.

5.3 MIMO System Correlation Matrix

MIMO channel capacity depends on MIMO channel matrix H and received SNR

ρ. MIMO channel capacity is also affected by correlation at the transmitter side

and at the receiver side. It also gets affected by the AoA, AoD, angular spectrum
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Figure 5.6: 2x2 MIMO capacity using equal power allocation strategy and water-
filling strategy in presence of transmit and receive correlation.

and distribution of AoA and AoDs. MIMO system correlation is captured by

MIMO system correlation matrix. Transmit correlation and receive correlation is

measured based on MIMO channel matrix H(τ, t)

H(τ, t) =

h11(τ, t) h12(τ, t)

h21(τ, t) h22(τ, t)

 (5.9)

MIMO channel capacity is affected in presence of correlation at the transmit side

and/or presence of correlation at receive side. MIMO Tx and Rx correlation is

captured by MIMO transmit correlation matrix and MIMO receive correlation

matrix. Overall MIMO system correlation is captured by MIMO system correla-

tion matrix

RH = E
(
vec(H(τ, t))vec(H(τ, t))H

)
(5.10)

vec(H) =



h11(τ, t)

h12(τ, t)

h21(τ, t)

h22(τ, t)


(vec(H))H =

[
h∗11(τ, t) h∗12(τ, t) h∗21(τ, t) h∗22(τ, t)

]
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Transmit correlation matrix and receive correlation matrix can be obtained from

measured MIMO channel matrix H as RTx = E{HHH} and RRx = E{HHH}

respectively. Similarly, the trace of transmit and receive correlation matrix can

be obtained from square of Frobenius norm of MIMO channel matrix H. Trace

tr(H) or square of Frobenius norm represent MIMO channel power.

tr{RT} = tr{RR} = E
{
‖H‖2F

}
=

NT∑
i=1

NR∑
j=1

E
{
|Hi,j|2

}
(5.11)

MIMO system correlation matrix is mean of the product of vectorized MIMO

channel matrix H.

RH = E
(
vec(H(τ, t))vec(H(τ, t))H

)
(5.12)

RH =



E{h11h∗11} E{h11h∗21} E{h11h∗12} E{h11h∗22}

E{h21h∗11} E{h21h∗21} E{h21h∗12} E{h12h∗22}

E{h12h∗11} E{h12h∗21} E{h12h∗12} E{h21h∗22}

E{h22h∗11} E{h22h∗21} E{h22h∗12} E{h22h∗22}


(5.13)

Where main diagonal represents antenna powers E{hijh∗lj}. Transmit correla-

tion matrix is represented by RTx = E{HHH} and receive correlation matrix is

represented by RRx = E{HHH}.

5.4 Kronecker Model

MIMO system channel matrix H can be factorized in terms of transmit correlation

matrix RT and in terms of receive correlation matrix RR. Kronecker product

model says that transmit and receive correlation matrices can be separated by

kronecker product.:

RH = RT ⊗RR (5.14)

125



h22

h11

h21 h12dt dr

(a)

h22

h11

h21 h12dt dr

(b)

Figure 5.7: MIMO Configuration (a) MIMO (b) Near-field MIMO.Red and blue
clouds show near-field around antenna elements. Near-field scenario can arise
when Tx and Rx elements are in the near-field of each other or metal objects,which
can act as a source secondary waves, in the near-field of receiving antennas.

Hence MIMO channel matrix H in presence of transmit correlation and receive

correlation can be generated as follows:

H = R
1/2
R Hw

(
R

1/2
T

)T
(5.15)

Where the elements of Hw are i.i.d CSCG with zero mean and unit variance.i.i.d

matrix maximizes MIMO channel capacity, however diagonally correlated chan-

nels also known to maximize MIMO channel capacity slightly higher than IID

MIMO channels. According to Kronecker correlation model MIMO system corre-

lation matrix RH can be obtained by Kronecker product of transmit and receive

correlation matrices. It can be rewritten as:

H ∼ CN (0,RT ⊗RR) (5.16)

Where ⊗ denotes Kronecker product.
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5.5 Semi-correlated MIMO Channel Capacity

In this section, MIMO channel capacity of semi-correlated channels is discussed.

Semi-correlated MIMO channels means the correlation is present at the Tx an-

tenna elements or Rx antenna elements. This depends upon the type of propa-

gation environment. Increased antenna element spacing at the transmitter and

at the receiver or the large number of scatterers around transmitter and receiver

are required to get decorrelated MIMO channels.

5.5.1 MIMO Channel Capacity in Presence of Tx Correla-

tion

In MIMO channel there are physical scenarios which generate correlation at the

transmitter and/or at the receiver. When the correlation at the transmitter is

present MIMO channel capacity eq.(5.1) from MIMO signal model with transmit

power constraint PT can be given as [2][3]:

C = log2

(
det

(
INR +

PT
NTσ2

n

HHH

))
bits/s/Hz (5.17)

in case of correlated fading and the fading introduced by separate physical sce-

nario. Let H = RRHRT and using this in Wishart matrix W = HHH then the

MIMO channel capacity eq.(5.17) can be rewritten as [4][5]:

C = log2

(
det

(
INR +

PT
NTσ2

n

RRHRTRT
HHHRR

H

))
bits/s/Hz (5.18)

Now by performing eigenvalue decomposition of term RTRH
T = ΦRT

ΓRT
ΦH

RT
in

eq. (5.19), the MIMO channel capacity in terms of presence of transmit correla-

tion can be written as:

C = log2

(
det

(
INR +

PT
NTσ2

n

ΦRT
ΓRT

ΦH
RT

RH
T HHRH

R

))
bits/s/Hz (5.19)
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where ΦRT is unitary matrix and ΓRT is diagonal matrix of eigenvalues of RTRT
H .

C = log2

(
det

(
INR +

PT
NTσ2

n

RRHΓRTHHRH
R

))
bits/s/Hz (5.20)

5.5.2 MIMO Channel Capacity in Presence of Rx Correla-

tion

Similar to MIMO channel capacity expression in presence of correlation only at

the transmitter, MIMO channel capacity in presence of correlation at the receiver

side can be given as function of diagonal eigenvalue matrix RRRR
H . Following

same procedure in subsection (5.5.1) MIMO channel capacity with Rx correlation

can be obtained.

C = log2

(
det

(
INR +

PT
NTσ2

n

HHH

))
bits/s/Hz (5.21)

C = log2

(
det

(
INR +

PT
NTσ2

n

RRHHHRH
R

))
bits/s/Hz (5.22)

MIMO channel capacity equation with Rx correlation in eq. (5.22) can be rear-

ranged:

C = log2

(
det

(
INR +

PT
NTσ2

n

HHRH
RRRH

))
bits/s/Hz (5.23)

Product of Rx correlation matrix RRRH
R = ΦRRΓRRΦRR into unitary matrix

ΦRR and eigenvalue matrix ΓRR.

C = log2

(
det

(
INR +

PT
NTσ2

n

HHΓRRH

))
bits/s/Hz (5.24)

Generalized MIMO channel capacity formula in presence of Tx and Rx correlation.

C = log2

(
det
(
INR + HΓHH

))
bits/s/Hz (5.25)

128



dt
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Figure 5.8: Diagonally-correlated 2x2 MIMO channel scenario.

Where Γ = PT
NT σ2

n
ΓRR when the correlation is present at the receiver or Γ =

PT
NT σ2

n
ΓRT when the correlation is present only at the transmitter.

5.6 Diagonally-Correlated MIMO Channels

Diagonally-correlated MIMO channel are type of MIMO correlated channels which

exhibit higher MIMO channel capacity than IID MIMO Rayleigh fading channels.

Diagonally-correlated channels are realized when power from specific DoD couples

into specific DoAs [6][7]. Fig. 5.8 shows physical scenario of diagonally-correlated

channels where two equally-powered independent Rayleigh fading components

with orthogonal DoDs and AoAs are shown. There is specific symmetry in

diagonally-correlated MIMO channel matrix elements. The rows of channels ma-

trix are cyclically left-shifted or right-shifted versions of each other. In IID MIMO

channels capacity grows asymptotically with minimum number of transmit and

receive antennas in rich multipath scattering environment. IID MIMO Rayleigh

fading channels yield maximum capacity and MIMO channels correlation reduces
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Figure 5.9: Diagonally-correlated 2x2 MIMO channel showing |h11| − |h22| and
|h12| − |h21| fading pairs.

MIMO capacity. Channel matrix of 2x2 MIMO channels:

H =

h11(τ, t) h12(τ, t)

h21(τ, t) h22(τ, t)

 (5.26)

For diagonally-correlated 2x2 MIMO channels can be given as:

H(τ, t) =

h11(τ, t) h12(τ, t)

h12(τ, t) h11(τ, t)

 (5.27)

Full-MIMO channel correlation matrix can be obtained from complex correlations

between all matrix element pairs. Hence, full-MIMO system correlation matrix

is obtained as:

RH = E
{
vec(H(τ, t))vec(HH(τ, t))

}
(5.28)

Which can be expressed as mean of the multiplication of MIMO channel matrix

elements.

RH =



E{h11h∗11} E{h11h∗21} E{h11h∗12} E{h11h∗22}

E{h21h∗11} E{h21h∗21} E{h21h∗12} E{h12h∗22}

E{h12h∗11} E{h12h∗21} E{h12h∗12} E{h21h∗22}

E{h22h∗11} E{h22h∗21} E{h22h∗12} E{h22h∗22}


(5.29)
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Now, absolute values of correlation matrix of 2x2 diagonally-correlated MIMO

channels can be written as:

|RH | =



1 0 0 1

0 1 1 0

0 1 1 0

1 0 0 1


(5.30)

Ergodic capacity of MIMO system with NT transmit and NR receive antennas is

given as [4] [3][8]:

¯CIID = EH
(

log2

(
det

(
INR +

PT
NTσ2

n

HHH

)))
bits/s/Hz (5.31)

According to Jensen’s inequality expectation and log2 can be exchanged, hence

MIMO capacity under equal-power allocation can be rewritten as [4]:

¯CIID = log2

(
EH
(
det

(
INR +

PT
NTσ2

n

HHH

)))
bits/s/Hz (5.32)

Diagonally-correlated MIMO channel H can be expressed in terms of IID fading

matrix Hw whose entries are ZMCSCG and a coupling matrix D, left unitary

matrix ARx and right unitary matrix ATx.

H = ARx (D�Hw) AT
Tx (5.33)

Unitary matrices ATx and ARx contain orthogonal steering and response vectors

of DoDs and DoAs respectively. Note that D is either diagonal or anti-diagonal

matrix with identical entries which means one-to-one coupling between DoDs

and DoAs. Additionally, the Kronecker model is not applicable for diagonally-

correlated MIMO channels. Kronecker model assumes independent DoDs and

DoAs hence any DoD can couple to all DoAs and any DoA can couple to all

DoDs.

131



dt dr

h2

h1

h2

h1

dt dr

Tx

Keyhole Keyhole

Rx Tx Rx

Figure 5.10: Schematic of Keyhole MIMO channel.

5.7 Keyhole or Degenerate MIMO Channels

Keyhole or pinhole channels are observed when Tx antenna array and Rx antenna

array is separated by a pinhole or keyhole[9][10][11][12][13][14]. Fig. 5.10 shows a

keyhole or pinhole channel where transmitter and receiver are separated by screen

with a pinhole. The dimension of keyhole is much smaller than signal dimension.

Keyhole channels are predicted in theory and likely to observed in wireless chip-

to-chip communication and board-to-board communication. Keyhole channels

are also known as rank-deficient or degenerate channels. The capacity of MIMO

keyhole channel degenerates to SISO channels. Keyhole MIMO channels are

studied as single keyhole channel or multikeyhole channels. Similarly, second

order statistics such as level crossing rate and average fade duration of Nakagami-

m keyhole channels is given in [15].

5.7.1 Single Keyhole Channel

Single keyhole channel scenarios is achieved when Tx and Rx antenna arrays are

separated by a screen with a pinhole and no forward transmission through screen

except the keyhole. Channel gain matrix of single Keyhole channel is given by:

H = hRhHT (5.34)

132



Where hT ∈ CNT×1 and hR ∈ CNR×1 represents complex gains from NT transmit

antennas to a keyhole and complex gains from a single keyhole to NR receive

antennas. hT and hR are complex circularly symmetric Gaussian vectors with

transmit correlation matrix RT = E{hThHT } and receive correlation matrix RR =

E{hRhHR}. MIMO channel matrix H is normalized such that E{||H||2} = NTNR

and
E {||hT ||2}

NT

=
E {||hR||2}

NR

= 1 (5.35)

which is same as
trace {RT}

NT

=
trace {RR}

NR

= 1 (5.36)

MIMO channel capacity when CSI is known only at the receiver:

C = log2

(
det

(
INR +

PT
NTσ2

n

HHH

))
bits/s/Hz (5.37)

It’s known that when NT and NR tend to infinity, the distribution of MIMO

channel capacity tend to be Gaussian if

trace {RT}
NT

<∞, ||RT ||2

N2
T

→ 0 as NT →∞ (5.38)

and
trace {RR}

NR

<∞, ||RR||2

N2
R

→ 0 as NR →∞ (5.39)

the asymptotic mean and variance of Keyhole MIMO channel capacity

µ = log2

(
1 +NR

PT
NTσ2

n

)
, σ2

c =
||RT ||2

N2
T

+
||RR||2

N2
R

(5.40)

5.7.2 Multi-keyhole MIMO Channel

Multi-keyhole channel may have number of keyholes[11]. Ergodic mutual infor-

mation of multi-keyhole channels is studied in [14]. Similarly, outage capacity

distribution is assessed by authors in [10]. Theoretical and experimental ver-
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ification of MIMO keyhole channels is presented in [9][12]. Chanel matrix of

multi-keyhole channel:

H =
M∑
k=1

akhRkhTk = HRAHT
T (5.41)

Where M is the number of keyholes and ak is complex gain of the kth key-

hole. hTk ∈ CNT×1 is random vector or channel gains from NT transmit an-

tennas to kth keyhole channel and hRk ∈ CNR×1 is a random vector or chan-

nel gains from kth keyhole to NR receive antennas. Similarly, HT ∈ CNT×M

or H = {hT1,hT2, . . . ,hTM} is complex channel matrix of complex gains from

NT transmit antennas to M th keyhole channel and HR ∈ CNR×M or HR =

{hR1,hR2, . . . ,hRM} is a complex matrix of complex gains from M keyhole to

NR receive antennas. For every k,hTk and hRk are mutually independent complex

circular symmetric Gaussian vectors with correlation matrices TTk = E{hTkhHTk}

and RRk = E{hRkhHRk}. For independent keyholes E{hTkhHTk} = {hRkhHRk} = 0.

For comparison H is normalized so that E{||H||2} = NTNR and for every k∑M
k=1 |ak|2 = 1.

{||hTk||2}
NT

=
{||hRk||2}

NR

= 1 (5.42)

Instantaneous capacity of frequency-flat quasi-static multi-keyhole MIMO chan-

nel when CSI is available at Rx only [9][12].

C = log2

(
det

(
INR +

PT
NTσ2

n

NRBRABTAH

))
bits/s/Hz (5.43)

Where BT =
HH
T HT

NT
and BR =

HH
RHR

NR
. Multi-keyhole channels can be of two types:

Full-rank multi-keyhole MIMO channel (M ≥ min (NT , NR)) and rank-deficient

multi-keyhole MIMO channel (M < min (NT , NR)).
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5.8 Antenna Correlation

Antenna correlation is combined effect of the channel and antennas [16]. Three

correlation types are used in the literature which are signal correlation, envelope

correlation and power correlation. Mathematically, signal correlation is [17]:

ρm,n =
E[(Xm − E[Xm]])(Xn − E[Xn])∗]√
E[|Xm − E[Xm]|2]E[|Xn − E[Xn]|2]

(5.44)

From above equation envelope and power correlation can be derived by replacing

Xi i ∈ {n,m} with |Xi| and |Xi|2 respectively. Complex correlation coefficient

is useful for channel modeling and characterization of MIMO channels. Antenna

perspective of calculating antenna correlation is based on embedded far-field ra-

diation functions [18]:

ρmn =

∫∫
4π

gHm(Ω)Pinc(Ω)gn(Ω)dΩ√∫∫
4π

gHm(Ω)Pinc(Ω)gm(Ω)dΩ.
∫∫
4π

gHn (Ω)Pinc(Ω)gn(Ω)dΩ
(5.45)

Where gi is far-field function, Ω is solid angle and Pinc is dyadic power angular

spectrum. For isotropic environment in RC Pinc = I. Correlation matrix at

N-port antenna can be constructed once antenna correlations are known:

Φ =



1 ρ12 ρ13 . . . ρ1N

ρ∗21 1 ρ23 . . . ρ2N
...

...
... . . . ...

ρ∗1N ρ∗2N ρ3N . . . 1


(5.46)

Spatial correlation without antenna effect is deterministic sinc function of antenna

separation. There are many correlation models.

135



5.8.1 Uniform Correlation

Uniform correlation is simplest correlation model. Practical multi-port-antenna

have uniform correlation under certain circumstances [19].

ρmn = ρ (5.47)

5.8.2 Exponential Correlation

Exponential correlation as a function of distance xmn between mth and nth an-

tenna elements and de-correlation distance [20][21]:

ρmn = exp
(
− xmn

x0

)
(5.48)

Exponential correlation depends on both antenna elements separation and de-

correlation distance x0.

5.8.3 Bessel Correlation

Bessel correlation model is function of antenna elements separation xmn and wave

number k [22]:

ρmn = J0

(
kxmn

)
(5.49)

Where J0() is zeroth order Bessel function of the fist kind.

5.9 MIMO Performance Metrics

There are many parameters based on which MIMO system is evaluated. Main

MIMO system performance evaluation parameters are:
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5.9.1 Diversity Gain

Correlation matrix of N-port antenna in multipath Rayleigh fading environment

is:

R = E[hhH ] (5.50)

Where h is multipath fading gain of the diversity channel and hH is Hermitian of

h. The output power of MRC combiner PMRC = hHh. Diversity gain is ratio of

output SNR of diversity antenna to output SNR of ideal antenna at 1% outage

level [23].

DG =
F−1(γ)

F−1ideal(γ)
|1% (5.51)

CDF of the MRC output SNR for two-port antenna [18]:

F (γ) = 1− λ1 exp(−γ/λ1)− λ2 exp(−γ/λ2)
λ1 − λ2

(5.52)

eigenvalues of the co-variance matrix:

R =

 1 ρ

ρ∗ 1

 (5.53)

are λ1 = 1 + |ρ| and λ2 = 1− |ρ|.

5.9.2 Diversity Measure

Easy way for MIMO characterization as compared to diversity gain is diversity

measure. Hence, independent samples denoting diversity measure [24]. It has

been used for the estimation of number of independent samples in RC [25, 26, 27]

Nind =

(
tr(R)

||R||F

)2

(5.54)

The effect of polarization on diversity performance in reverberation chamber is

shown in [28]. Authors have also measured apparent diversity gain and effective

137



diversity gain in reverberation chamber at power gain CDF threshold of 0.001 or

10−2.Authors in [29] have proposed diversity measure without extra antennas in

reverberation chamber. Apparent and effective diversity has been measured.

5.9.3 K-factor

K-factor is defined as ratio of LOS component to NLOS scattered components.

There are various ways to measure K-factor that are available in the literature.

In reverberation chamber it is ratio of un-stirred field to stirred field. K-factor

measurements and parameters estimation has been presented in [30]. K-factor

can be defined as:

K =
A2

2σ2
=

(|〈S21〉|)2〈
S21 − 〈S21〉2

〉 (5.55)

Where 〈S21〉 is complex average of frequency transfer function. Narrowband

K-factor
fR(r) =

2r(K + 1)

Ω
exp

(
−K − (K + 1)r2

Ω

)
×I0

(
2r

√
K(K + 1)

Ω

)
, r ≥ 0, K ≥ 0,Ω ≥ 0

(5.56)

Ω = E[R2] is scale parameter. The Rician K-factor can be estimated by a

moment-based method [31][32].

K =

√
1− V ar[P (d)]/(E[P (d)])2

1−
√

1− V ar[P (d)]/(E[P (d)])2
(5.57)

K =

√
1− γ

1−
√

1− γ
(5.58)

Where γ = σ2
r/P

2
r , σr is the variance of the receive signal power about its mean

Pr. Rician factor in terms of MIMO channel matrix H is given as:

K(dB) =

(
ε[|H|]2

2 var(|H|)

)
(5.59)
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Parameters Values
USRP Type X310
Tx Gain 4 dB
Rx Gain 4 dB

Sample Rate 400 ksps
Interpolation 500
Decimation 500

Sampling Time 2.5µs
Channel Mapping MIMO

USRP Clock 200 Mbps

Table 5.1: USRP configuration parameters.

5.10 Experimental Setup I

2x2 MIMO empirical measurements are presented. Experimental setup is shown

in Fig. 5.12 which shows overview of measurement setup and inside view of metal

enclosure. Additionally, NLOS metal sheet attached to panel and mode-stirrer is

shown in Fig. 5.13. In this experimental setup 2x2 MIMO measurements are per-

formed in NLOS propagation environment. NLOS between Tx and Rx antennas

is created using metal sheet of dimensions. Measurement results are presented

in the form of measured MIMO channel elements i.e.transfer function of each

sub-channel elements. This is followed by MIMO channel capacity, eigenvalues,

Rician K-factor, Doppler spread, coherence bandwidth etc. MIMO measurement

results are conducted with the following Tx and Rx MIMO settings:

• Tx inter-element spacing dt = 45mm

• Rx inter-element spacing dr = 42mm

• Distance between Tx and Rx D = 45mm

Table 5.1 shows near-field MIMO testbed configuration parameters. USRP is

configured to operate at sample rate of 400 ksps with interpolation and decimation

factor of 500. Sampling rate of 400 ksps is obtained when USRP clock rate is set

to 200 Msps and hence sampling rate of the USRP is:

Sample Rate =
Master Clock Rate

Interpolation/Decimation
(5.60)
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Data rate for complex samples each of I samples and Q samples:

Data Rate =
Master Clock Rate

Interpolation/Decimation
∗ 2 ∗ 16 (5.61)

5.11 Measurement Results

Complex MIMO channel transfer function is measured in NLOS scenario in metal

enclosure. Fig.5.14 shows complex frequency transfer function of sub-channel el-

ements of 2x2 MIMO channel matrix obtained in NLOS measurement scenario.

Measured complex MIMO channel matrix is used in standard MIMO capacity

formula and empirical 2x2 MIMO channel capacity has been measured. Fig.5.15

shows capacity of NLOS 2x2 MIMO system in mode-stirred metal enclosure. It

can be seen that channel 2 has highest attainable channel capacity of 8.26 bit-

s/s/Hz. Fig.5.16 shows eigenvalues of MIMO channel matrix. It can be seen that

there are two distinct channels and the power distribution in each channel is dif-

ferent. Information about eigenvalues helps to determine whether MIMO channel

is properly conditioned and is not rank-deficient. It also helps to optimally dis-

tribute transmit power when CSI is not available at the transmitter and when CSI

is available at the transmitter. General strategies for power distribution are equal

power allocation in case of CSI not known at the Tx and water-filling strategy

when CSI is also known at the transmitter. However, inverse power allocation

has also been used as a strategy to distribute total transmit power. Throughput

of SVD-MIMO with inverse power allocation in reverberation chamber is mea-

sured in [33] where higher power is allocated to more weaker channels contrary to

water-filling algorithm which assigns more power to stronger channels. Through-

put is measured using ideal-threshold receiver based model [34]. Fig.5.17 shows

complex cloud of subchannel elements of channel matrix H. It can be seen that

the S21 parameters of each sub-channel form complex cloud centered at origin
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Figure 5.11: Frequency transfer function measurement flowchart.
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(a) (b)

Figure 5.12: Measurement setup (a) overview of measurement setup (b) inside
view of measurement setup showing panel and mode-stirrer.

in complex cloud. Loading of chamber has implication on the shape of complex

cloud which means for different amount of loading it develops distinct clusters

and decreases its spread [35]. Loading the chamber means coherence bandwidth

is increased and field distribution deviates from isotropic to non-isotropic.

Fig.5.19 shows Rician factor or K-factor. It can be seen that the K-factor

is different for different frequencies which depends on the mode-stirrer positions.

Mode-stirrer in this setup is set to highest attainable speed and is continuous

rotation mode. Uncertainty evaluation of low Rician K-factor in reverberation

chamber is presented in [30]. Angle of arrival in rich-scattered multipath fading

channel is expected to be uniformly distributed which is shown in Fig.5.22. It

can be seen from the histogram of angle-of-arrival that almost an equal number

of multipath samples are received from all directions.
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(a) (b)

(c) Mode-stirrer Base (d) Mode-stirrer Control

Figure 5.13: Measurement setup (a) metal sheet connected with the panel for
NLOS measurements (b) mode-stirrer.
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Figure 5.14: Subchannel elements of MIMO channel matrix: after sliding window
of width=5.

Figure 5.15: 2x2 NLOS MIMO channel capacity.
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Figure 5.16: CDF of Eigenvalues of MIMO channel matrix H.
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Figure 5.17: Complex cloud of MIMO sub-channels.
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Figure 5.21: Polarplot of MIMO subchannels after sliding window.

147



0 50 100 150 200 250 300 350 400

0

5

10

15

20

25

30

Figure 5.22: Histogram of AoA is uniformly distributed.

5.12 Conclusion

In this chapter MIMO communication is investigated in detail. Mathematical

system model for MIMO system is studied and expression for the capacity are

explained under transmit power constraints and transmit and receive correlation.

MIMO system increases spectral efficiency of communication system, but the ca-

pacity of MIMO system degrades in presence of transmit and receive correlation

i.e. when the MIMO channel is doubly correlated. Additionally, MIMO channel

capacity can be degraded under keyhole or pinhole MIMO channels which are

also known as degenerate channels or rank-deficient channels. It’s known that

IID MIMO channel maximize MIMO channel capacity but there are still excep-

tions like diagonally-correlated MIMO channels which can give MIMO capacity

higher than the IID MIMO channels, however the physical scenarios that can

give rise to diagonally-correlated channels are considered to be rare and hence

rare experimental measurements. MIMO channel capacity is maximized under

transmit power constraints, therefore channel state information at the transmit-

ter and at the receiver side is critical component. When CSI is only available at
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the receiver side and no CSI is available at the transmitter side then equal power

allocation is best strategy to maximize the MIMO capacity. However, the best

strategy for power allocation is power allocation using water-filling algorithm.

According to water-filling algorithm higher power is allocated to channels with

higher SNRs. It’s applied when CSI is also known at the transmitter side. Fi-

nally, 2x2 MIMO measurements are also conducted using software-defined-radio

testbed in the metal enclosure. MIMO channel transfer function is measured in

the metal enclosure from which 2x2 MIMO channel capacity is determined. The

measurements are performed at different transmit and receive antenna elements

spacing and the distance between transmitter and receiver. Important parame-

ters like Rician factor, coherence bandwidth, angular spread of the mutlipath is

discussed.
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Chapter 6

Near-field MIMO in Metal Enclosure

6.1 MIMO Channel Sounding

Narrowband MIMO channel can be measured using PN-sequences modulated by

BPSK, QPSK, and MSK signals. Authors [1] have performed narrowband MIMO

channel measurement using the PN sequence modulated by MSK signals. BPSK

modulated random sequences were used for channel sounding. Similar channel

sounding has been proposed by NIST for channel sounding of the smart industry

environment [2]. Un-tethered clock synchronization is provided using a rubidium

clock for both transmitter and receiver. The authors have used doiuble-ridged

horn antenna and omnidirectional dipole for channel impulse response measure-

ments at sub-6 GHz frequencies. The important design parameters of channel

sounder are delay resolution, maximum detectable distance, and the dynamic

range. Authors in [3] have presented large scale channel sounding system with

RFNoC using SDR platforms. Authors have used open source testbed consisted of

20 x 20 grid USRPs. This testbed highlights critical issues that may arise in high

order MIMO channel sounder using USRPs such as high sampling requirement

at the host side and the dealing the sampling rate issue with signal processing

using RF network on chip (RFNoC) on FPGAs of the USRPs. Critical signal

processing functions are offloaded to FPGAs of USRPs to avoid any underflow or

overflow for real-time communication system testing.
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6.2 Channel Impulse Response Measurement

The channel impulse response of the radio channel environment is measured by

using random channel sounding sequences with good auto-correlation and cross-

correlation properties. Some of the notable channel sounding sequences are m-

sequences which are generated using linear-feedback shift register (LFSR), Gold

code sequences which are generated by XORing the output of two PN codes

with different generator polynomials. The most popular sounding sequence is

a Zadoff-Chu sounding sequence. Zadoff-Chu sounding sequence is popular be-

cause of its excellent cross-correlation and constant amplitude zero autocorrela-

tion (CAZAC) properties. Zadoff-Chu sequences were used in 4G LTE standard

[4]. Constant amplitude zero autocorrelation (CAZAC) Zadoff-Chu sequences

are used for channel estimation and time synchronization [5]. This code has

unique properties which include zero cyclic autocorrelation, low cross-correlation,

and constant magnitude before and after FFT and IFFT. Recently Zadoff-Chu

codes are considered for coarse timing synchronization by utilizing their sym-

metric properties [6]. This code has unique properties which include zero cyclic

autocorrelation, low cross-correlation, and constant magnitude before and af-

ter FFT and IFFT. Recently Zadoff-Chu codes are considered for coarse timing

synchronization by utilizing their symmetric properties [6]. Its applications are

diverse Zadoff-Chu sequences are used for time and frequency synchronization

in OFDM downlink transmission [7], ultrasound ranging [8], ultrasonic underwa-

ter communication [9], aerial wireless communication [10],random access (RA)

in machine-type communication (MTC) as enhanced Physical RACH (PRACH)

preamble detector [11] and also excellent choice for MIMO channel sounding and

all latest wireless communication systems [12][13][14]. BPSK modulated random

sequences were used for channel sounding. Similar channel sounding has been

proposed by NIST for channel sounding of the smart industry environment [2].

Un-tethered clock synchronization is provided using a rubidium clock for both

transmitter and receiver. MIMO channel sounding can also be performed by
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Figure 6.1: Autocorrelation of Kasami sequence of length L=63 and cross corre-
lation of Kasami sequence with PN sequence of length L=63.

transmitting two different code sequences with good cross-correlation properties.

Figure 6.1 shows auto-correlation of Kasami sequence of length L=63 and cross

correlation of Kasami sequence with PN sequence of length L=63. Autocorrela-

tion of Kasami sequence results in high peaks as its cross correlation with PN

sequence reflects the suitability of using PN-sequence and Kasami sequence for

MIMO channel sounding. Figure 6.2 shows auto-correlation of PN sequence of

length L=63 and cross correlation of PN sequence with Kasami sequence. It’s

shown that the two sequences have good cross correlation properties, hence are

suitable for MIMO channel sounding. All the elements of MIMO channel can

be measured by cross-correlating Tx sequences at each channel of the USRP.

However, the time resolution is limited by the sampling rate of the USRP.

6.3 2x2 Near-field MIMO Channel Matrix H

Time-domain transfer function of MIMO channel matrix can be obtained using

orthogonal sequences such as PN and Zadoff-Chu sequences as discussed in pre-
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Figure 6.2: Auto-correlation of PN sequence of length L=63 and cross correlation
of PN sequence of length L=63 with Kasami sequence of length L=63.

vious section. Baseband IQ samples of orthogonal signals are sent to both RF

boards of USRP X310 for transmission over two antennas for 2x2 MIMO channel

sounding and the received baseband IQ samples are cross-correlated with origi-

nal copies of orthogonal sequences such as PN sequence and Kasami sequence.

Baseband Simulink model to generate orthogonal sequences is shown in Fig 6.3

and Fig.6.4. The orthogonal sequences PN sequence and Kasami sequences are

generated in the baseband model. The data from two basedband blocks is shaped

into two column vector. The data in each columns of the reshaped matrix is fed

to SDRuTransmitter for upconversion and transmission over the channel. The

USRPs are configured to transmit and receive using two channels. At the receiver

side as shown in Fig.6.4 the down-converted complex baseband signals are divided

into two parallel streams. After the AGC, coarse frequency synchronization and

fine synchronization blocks two orthogonal sequences are cross-correlated to get

the individual MIMO channel matrix. The main drawback of this method of

extracting MIMO channels is limited sample rates of the USRPs and even if we

158



Figure 6.3: Top-level diagram of Tx and Rx baseband Simulink models showing
orthogonal sequences configuration for 2x2 MIMO channel sounding.

exploit the maximum sample rates of the USRP there is another bottleneck of

samples rates introduced by the USB or Ethernet cable connecting USRP with

the host PC. Therefore, it is a good practice to obtain IQ sample at high rates

and post-process the received IQ samples to avert the computational intensive

operations in real-time.

Figure 6.5 shows one snapshot of near-field channel impulse response of each

element of near-field channel matrix H at operating frequency of 5.8 GHz. The

impulse response is obtained using PN sequence of length 1023 and Kasami se-

quence of length 1023. Similarly, 20 snapshots of CIR of near-field channel matrix

are shown in Fig.6.6. Figure 6.7 shows power delay profile of the near-field chan-

nel matrix. In each channel element PDF there are low gain values which suggest

that there was data loss at the start and at the end of measurement process. The

data loss could have been underflow/overflow problem and the random start up

times of the two USRPs.
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Figure 6.4: Baseband receiver subsystem with per channel cross-correlation oper-
ations for 2x2 MIMO channel estimation. The receiver subsystem can be reconfig-
ured in accordance with source of external timing and frequency synchronization.
The AGC, coarse frequency compensation and carrier synchronization blocks can
be removed when the source of timing and frequency synchronization is set to
external.

Figure 6.5: 2x2 MIMO Channel impulse response using PN sequence of L=1023
and Kasami sequence of L=1023 operating frequency=5.8 GHz, Tx/Rx gains=[10
10] dB.There is no power imbalance.
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Figure 6.6: 2x2 MIMO Channel impulse response using PN sequence of L=1023
and Kasami sequence of L=1023 operating frequency=5.8 GHz, Tx/Rx gains=[10
10] dB. There is no power imbalance.

Figure 6.7: 2x2 MIMO power delay profile using PN sequence of L=1023 and
Kasami sequence of L=1023 operating frequency=5.8 GHz, Tx/Rx gains=[10 10]
dB. There is no power imbalance.
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GHz.

Figure 6.9: Two strong orthogonal channels are achieved. However channel 1 is
stronger than channel 2.
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6.4 MIMO System Model

Input-output relationship of narrowband MIMO flat fading channel with NT

transmit and NR receive antennas is given as:

y = Hx + n (6.1)

Where H is MIMO channel matrix whose elements are complex gains between NT

transmit and NT receive antennas, y is received signal vector, x is transmitted

signal vector and n is additive white Gaussian noise vector. MIMO channel

is affected by transmit and receive antennas. Therefore, MIMO channel with

transmit and receive antenna effects [15][16]:

H = R
1/2
R HwR

1/2
T (6.2)

Where R
1/2
T and R

1/2
R are transmit and receive co-variance matrices.R1/2

T is

Hermitian square root of the transmit covariance matrix. Hw is spatially MIMO

channel matrix who elements are complex Gaussian numbers with zero mean and

unit variance.

6.5 Rank and Condition Number

The rank of the channel matrix H is the number of non-zero singular values. It

indicates the number of decodable data streams that can be spatially multiplexed.

For proper MIMO spatial multiplexing the rank of MIMO system should be at

least 2. Rank of MIMO system is given as min(NT , NR) which also corresponds

to number of decodable parallel pipes without a cross-talk. There is no MIMO

capacity gain for rank-deficient MIMO systems. Condition number of MIMO

channel matrix is defined as ratio of strongest singular value σmax to the weakest

signular value σmin:
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K(H) =
σmax
σmin

≥ 1 (6.3)

Condition number in logarithmic form can be rewritten as:

K(H)dB = 20 log10(K(H)) = 20 log10

σmax
σmin

≥ 0 dB (6.4)

Condition number K(H) ≤ 10 dB is considered suitable for MIMO spatial mul-

tiplexing. MIMO capacity is a function of condition number. MIMO channel

capacity degrades as condition number increases [17]. In terms of Eigenvalues of

channel correlation matrix HHH:

K(H)dB = 10 log10

λmax
λmin

≥ 0dB (6.5)

Where singular values σi of channel matrix H are related to Eigenvalues λi as

σ2
i = λi.

6.6 Near-field Capacity with Polarization Diver-

sity

MIMO system with polarization diversity is often used when there are form-

factor or design limitations and wireless chip-to-chip communication channel is

not an exception. However, using polarization diversity there is MIMO capacity

loss. MIMO channel measurement of co-polar and cross-polar subchannels is con-

ducted under LOS and NLOS channel conditions. Parameters under discussions

are Rician K-factor, XPD factor, and correlation of subchannels. Subchannel cor-

relation is reduced by using polarization diversity in compact form-factor devices.

In the MIMO system with polarization diversity, the subchannels of the MIMO

channel matrix are not identically distributed [18][19]. Utilization of polarization

diversity with MIMO hybrid array have been reported in [20][21][22]. However,
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all these measurements are performed in an indoor radio propagation channel

environment. System model for narrowband MIMO channel using NT transmit

and NR receive antennas:

y = Hx + n (6.6)

Where y is complex received signal vector, x is transmitted complex signal vector

and n is additive complex Gaussian noise vector with autocorrelation Rnn =

σ2INR

6.6.1 Cross-polarized and co-polarized channels

Near-field MIMO capacity can be assessed in presence of transmit and receive

polarization diversity i.e. in terms of cross-polarized or co-polarized antenna

elements. Polarization diversity MIMO channel can be measured by measuring

cross polarization and co-polarization complex channel matrix gains in presence

of losses or in highly reflective multi-path rich scattering environment in metal

enclosure.

6.6.2 Spatial MIMO

Spatial MIMO is a normal MIMO multiplexing condition two co-polarized an-

tenna array elements are used at the transmitter as well at the receiver. There-

fore, its parameters are same it has been discussed in the previous chapters.

6.6.3 Cross-polar Discrimination (XPD) factor

Transmitted signal undergoes reflection, diffraction and scattering which results

in the coupling of one form of polarization into another. For example, the hor-

izontally polarized signal is received as a vertically polarized signal because of

depolarization in the multipath fading channel. This phenomenon is known as

depolarization which is a characteristic property of radio channel[23]. Because of

this effect power received in subchannels of the MIMO channel matrix is different.
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The channel matrix of 2x2 MIMO with polarization diversity is given as:

H =

hV V hV H

hHV hV V

 (6.7)

Cross-polar discrimination is a measure of depolarization in the wireless channel.

XV =
E{|hV V |2}
E{|hHV |2}

, XH =
E{|hHH |2}
E{|hV H |2}

(6.8)

Depolarization depends on both environment as well as radiation pattern of V

and H elements employed for the channel measurements [20]. Hence, XV 6≈ XH

in contrast to popular assumption in the literature.

XV XH

LOS 12 dB 22 dB
NLOS 10 dB 21 dB

Table 6.1: Measured XPD Values.

Because of Brewster angle phenomenon in horizontally polarized waves [24]

power in vertically polarized co-channels is higher than horizontally polarized

co-channels i.e.E{|hV V |2} > E{|hHH |2}.

6.6.4 LOS/NLOS MIMO capacity

Path loss difference comparison of LOS and NLOS MIMO capacity. MIMO chan-

nel capacity measurement in LOS and NLOS in important. It’s known in the lit-

erature that MIMO capacity is higher in NLOS because of rich scattering which

reduces the amount of correlation present at the transmitter and receiver. There

are also some references where it’s shown that MIMO capacity in LOS is higher

than the MIMO capacity in NLOS. The potential reasons for higher LOS MIMO

capacity is presence of dominant component which increases the SNR of the

MIMO communication link.
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Figure 6.10: 2x2 MIMO configuration. Tx and Rx are separated by a distance
of 65mm and inter-element distance at both sides is 75 mm. Tx and Rx USRP
gains were set to 0 dB with no power imbalance.

6.7 MIMO Measurements in Metal Enclosure

In this section, the MIMO channel is measured in a metal enclosure with Tx and

Rx antenna separations. All antennas used are monopoles operating at 5.6 GHz.

All antenna elements used at the transmitter and receiver side are linearly polar-

ized and isotropic radiation patterns. Depending on the orientation of antenna

elements in the stirred cavity their polarization can be classified as horizontal or

vertical.

Measurement setup is shown in the following Fig.6.10 where the transmitter

and receiver are separated by distance D = 65mm and inter-element distance

at the transmitter dt = 65mm and the inter-element distance at the receive

dr = 65mm.

After performing MIMO channel measurements at 5.6 GHz with equal Tx and

Rx inter-element spacing, the Rx inter-element was reduced from 75 mm to 45

mm to check if there is difference in channel distribution or correlation matrix.

The measurement scenario for 45 mm inter-element distance at Rx side is shown
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Figure 6.11: CDF of channel elements of measured MIMO channel matrix of open-
loop MIMO system under equal power allocation strategy at operating frequency
of 5.6 GHz at receive inter-element distance of 75 mm.

in Fig.6.16. Figure 6.11 shows the CDF of the each element of the MIMO chan-

nel matrix when the Tx and Rx gains of the USRPs were set to 4 dB. Similarly,

Fig.6.12 shows local mean of the measured channel impulse response of each ele-

ment of MIMO channel matrix. It can be seen that there is some form clustering.

The clustering of the impulse response can be resolved by increasing the sample

rates of the USRP testbed. The clustering of the channel can be modelled us-

ing Saleh-Valenzuela (SV) model. In SV model each cluster is modelled with its

inter-arrival time of the rays in the cluster and decay time of the cluster. Usually,

each cluster follow exponential decay of the ray energy in each cluster and Poisson

distributed ray inter-arrival times and cluster inter-arrival times.

Fig.6.13 and Fig.6.14 show PDF and CDF of each elements of the measured

MIMO channel matrix. distribution fitting of the measured channel elements

has been performed with well-know statistical distributions i.e. Rician, Rayleigh,

lognormal and Weibull distributions. It can be seen that the best distribution

that fits the measured channel is Weibull distribution. Weibull is generic mea-

surement based distribution and the Rayeligh fading is special case of the Weibull

distribution.
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Figure 6.12: Local mean of sub-channel elements of measured MIMO channel
matrix H of open-loop MIMO system under equal power allocation strategy at
frequency of 5.6 GHz and Tx and Rx USRP gain of 4 dB respectively.

(a) h11 PDF (b) h12 PDF

(c) h21 PDF (d) h22 PDF

Figure 6.13: PDF distribution of sub-channels of measured MIMO channel matrix
H at frequency of 5.6 GHz and inter-element distance of 75 mm. Empirical results
of channel elements of MIMO channel matrix show an excellent fit with Weibull
distribution.
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(a) h11 CDF (b) h12 CDF

(c) h21 CDF (d) h22 CDF

Figure 6.14: CDF distribution of sub-channels of measured MIMO channel matrix
H at frequency of 5.6 GHz and inter-element distance of 75 mm. Empirical results
of channel elements of MIMO channel matrix show an excellent fit with Weibull
distribution.

(a) Full correlation matrix RH of measured
open-loop MIMO system

(b) Full correlation matrix RH of measured
open-loop MIMO system.

Figure 6.15: Full-correlation matrix RH of measured open-loop MIMO channel
matrix in metal enclosure at operating frequency of 5.6 GHz.(a) MIMO channel
elements when no averaging is performed (b) MIMO channel elements are average
of 100 CIRs under equal power allocation strategy.
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Figure 6.16: 2x2 MIMO configuration. Tx and Rx are separated by a distance of
65 mm and inter-element distance at Tx is 75 mm and inter-element distance for
Rx is reduced from 75 mm to 45 mm. Tx and Rx USRP gains were set to 4 dB
with no power imbalance.

Figure 6.16 shows 2x2 MIMO measurement setup where the receive inter-

element distance is reduced from 75 mm to 45 mm. Tx and Rx antennas are

separated by a distance of 65 mm. Figure 6.17 shows measured impulse response

of the each element of the MIMO channel matrix. It can be seen that there is

no effect on the clustering despite the Rx inter-element distance is reduced. It

clear that the clusters are coming from mode-stirrer pedal shapes where each

pedal in the mode-stirrer creates unique reflections. In the measurement setup

mode-stirrer was kept stationary. Clustering shape and the statistical properties

can be studied using SV model.

Fig.6.18 and Fig.6.19 show distribution PDFs and CDFs of the measured

MIMO channel matrix elements and the fitting of the MIMO channel elements in

metal enclosure at RF frequency of 5.6 GHz and at Tx and Rx inter-element dis-

tance of 75mm and 45mm. Distribution fitting of the measured MIMO channel

elements using well-known statistical distributions is performed. All four distri-
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Figure 6.17: Local mean of of sub-channel elements of measured MIMO channel
matrix H of open-loop MIMO system under equal power allocation strategy at
frequency of 5.6 GHz and Tx and Rx USRP gain of 4 dB respectively. Tx inter-
element distance of 75 mm, rx inter-element distance of 45 mm and distance
between Tx and Rx is kept 65 mm.

butions seems to be close apart from Rician distribution. Rayleigh and Weibull

distribution fits the measured MIMO channel elements. It is obvious since the

Weibull distribution is special type of Rayeligh distribution with shape factor

of 2. It can be seen that similar to previous scenario the best distribution that

fits the PDF and CDFs of MIMO channel elements is Weibull distribution fits

the measured MIMO channel matrix. Probability plot of the measured channel

elements shows clear picture of the distribution fitting. Fig.6.20 shows probabil-

ity plot of the fitted distribution where it is shown that Rayleigh and Weibull

distribution fits MIMO sub-channel elements.

6.8 Conclusion

MIMO channel measurement has been performed in the metal enclosure using

SDR based testbed. Orthogonal PN sequences have been transmitted from two

channels of USRP and with the help of cross-correlation at each channel of the

USRP with corresponding PN sequence, the channel elements of MIMO channel

matrix are measured when the distance between Tx and Rx elements is set to
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Figure 6.18: PDF distribution of sub-channels of measured MIMO channel matrix
H at frequency of 5.6 GHz and inter-element distance of 75 mm. Empirical results
of channel elements of MIMO channel matrix show an excellent fit with Weibull
distribution.
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Figure 6.19: CDF distribution of sub-channels of measured MIMO channel matrix
H at frequency of 5.6 GHz and inter-element distance of 75 mm. Empirical results
of channel elements of MIMO channel matrix show an excellent fit with Weibull
distribution.
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Figure 6.20: Probability plot of h21 channel of measured MIMO channel matrix.
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(a) Full correlation matrix RH of measured
open-loop MIMO system

(b) Full correlation matrix RH of measured
open-loop MIMO system.

Figure 6.21: Full-correlation matrix RH of measured open-loop MIMO channel
matrix in metal enclosure at operating frequency of 5.6 GHz. Tx and Rx inter-
element distances are 75 mm and 45 mm respectively. Tx and Rx separation was
kept to 65 mm (a) MIMO channel elements when no averaging is performed (b)
MIMO channel elements are average of 100 CIRs under equal power allocation
strategy.

65 mm. For fixed distance between Tx and Rx, the Rx inter-element distance is

varied from 75 mm to 45 mm. In both the case, clustering of the channel elements

can be observed which is evident because of the stirrer shape. The measurements

were performed at single stirrer position for Tx and Rx gains of USRPs set to 4 dB

for each channel. Additionally, the measured channel elements are fitted to well-

know statistical distributions such as Rayleigh, Rician, Nakagami, Lognormal

and Weibull distribution. It was observed that there was clustering for both the

Rx inter-element spacing. The best distribution that fits the measured MIMO

channel elements was Rayleigh and Weibull distribution. Weibull distribution is

a special case of Rayleigh distribution for shape factor of 2.
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Chapter 7

Near-field MIMO Capacity Measurements

7.1 Introduction

MIMO capacity in rich-scattering environment is important to understand in

NLOS and LOS scenarios. The measurements in previous chapters highlight

the frequency transfer functions measurements using 2x2 MIMO USRP testbed.

Extensive measurements of MIMO channel distribution, 2x2 MIMO BER and

EVM measurements were presented in previous chapters. The measurements

were conducted in different environment loaded enclosure, empty enclosure, LOS

and NLOS, and at different stirrer positions in the presence of MIMO interfer-

ence. Rich-scattering environment can be obtained in reverberation chambers

and metal enclosure. MIMO capacity measurements in reverberation chamber

are conducted in [1] [2]. Authors in [2] have studied the maximum ratio com-

bining diversity and MIMO capacity in reverberation chamber. Authors in [3]

have performed diversity and MIMO capacity measurements in non-isotropic en-

vironment in reverberation chamber. The study has investigated 3x3 MIMO and

3x4 MIMO in non-isotropic environment. authors in [4] have introduced ideal

threshold receiver for diversity and MIMO capacity analysis. The ideal threshold

receiver works on receiver power in each channel of the MIMO systems and the

designed threshold. Measured MIMO throughput has step transition from 0 to

maximum value.
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7.2 Wideband Channel capacity

High data rate transmission over MIMO wireless channel is important to under-

stand for a low complex receiver design. For high bandwidth signals, the wireless

channel may exhibit frequency selectivity and inter-symbol interference at the

receiver. It may require more efforts to design a sophisticated receiver that can

give low BER in presence of frequency selectivity. In such case MIMO-OFDM

receivers have remained promising. However, OFDMmodulation which has noise-

like properties can exhibit higher peak-to-average power ratio thus over-driving

transceiver. However, it counteracts ISI at the cost of receiver complexity but it

is useful in rich-scattering. Also OFDM provide frequency diversity by dividing

transmission bandwidth into narrowband subcarriers. MIMO-OFDM system can

introduce spatial diversity and frequency diversity. For this it is important to un-

derstand wideband MIMO channel capacity. Therefore, for a MIMO system with

NT transmit and NR receive antenna elements, the narrowband MIMO capacity

is given as [5]:

Cnb(f) = B log

(
1 +

ρ

NT

H(f)H(f)

)
bits/s/Hz (7.1)

Where B is bandwidth, ρ is MIMO SNR and H(f) MIMO channel transfer func-

tion. Hence, the wideband MIMO channel capacity can be expressed as sum of

narrowband MIMO capacities [5][6]:

Cwb =
1

K

K∑
f=1

Cnb bits/s/Hz (7.2)

MIMO channel transfer H(f) function is measured using procedure as defined

in previous chapters. MIMO transfer function is ratio of received power to the

transmitted power. frequency transfer function of each elements of MIMO channel

matrix is measured using USRP as outlined in chapter 2. Fig.7.4 shows S21

parameters sweep of MIMO channel in metal enclosure. The measurements are
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Figure 7.1: Channel transfer function of MIMO channel in metal enclosure.The
frequency is swept from 5.55 GHz to 5.65 GHz with step size of 400 KHz. To-
tal of 251 complex S21 parameters are measured per sweep (a) Channel 1 S21
parameters (b) Channel 2 S21 parameters.

performed when the Tx inter-element is 75 mm, Rx inter-element is 45 mm and

distance between Tx antenna elements and Rx antenna elements is set to 65 mm.

Fig.7.2 shows channel transfer function of two orthogonal channels. It can be

seen from Fig.7.2 that signal energy is received at all frequency values because

of highly reflective environment and omnidirectional antenna. This is because in

enclosed metal environment all MPCs are received and there is no substantial

difference in channel transfer function despite the change in antenna positions.

In 2D representation overflow is observed in the form of low-gain at around 35

sec interval.

Fig.7.3 shows that the K-factor is smaller than 1 which means the fading is

more like Rayleigh fading than the Rician. This is consistent with previous mea-

surements in which channel coefficients of measured MIMO channel matrix follow

Weibull distribution which is special case of Rayleigh fading. Peak values are ob-

served when there is direct un-stirred component received at receiving antenna.

This is consistent with previous studies. This occurs because of ineffective shape

of the mode-stirrer.

Fig.7.4 shows average magnitude of channel 1 and channel 2. It can be seen

that the two channels are not frequency selective and have only small scale-fading
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Figure 7.2: Channel transfer function of open loop MIMO channel in mode-stirred
metal enclosure. The measurements are performed under equal power allocation
strategy with Tx and Rx USRP antenna gains of 4 dB at both Tx and Rx side.

5.55 5.6 5.65

Frequency 10
9

10
-3

10
-2

10
-1

10
0

10
1

K
-f

a
c
to

r

(a)

5.55 5.6 5.65

Frequency 10
9

10
-3

10
-2

10
-1

10
0

10
1

K
-f

a
c
to

r

(b)

Figure 7.3: K-factor of channel 1 and channel 2.
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Figure 7.4: Average path gain of MIMO channel in mode-stirred metal enclosure.

because of the reflective metal enclosure environment. Fig.7.5 shows the amount

of Doppler introduced in the channel because of moving mode-stirrer. Doppler

is relative change in frequency of received signal when the transmitter and/or

receiver are moving. Doppler is also introduced because of moving scatterers.

Continuously rotating mode-stirrer is analogous to moving scatterers. Hence, the

Doppler is introduced because of rotating mode-stirrer. It’s important to statisti-

cal characterize Doppler spread. As this effect can introduce frequency offset and

timing offset in the signal. The offset values are very important for the design

of wireless communication system. The importance of these two parameters is

presented in the form of measured results in previous chapters. Fig.7.6 shows

diversity in 2x2 MIMO channel. Three diversity techniques are implemented

namely selection combining (SC), equal gain combining (EGC), and maximum

ratio combining (MRC). Diversity gain can be measured using empirical defini-

tion as given by Turkmani in [7] and is measured as the difference in signal level

of the branch with the higher mean and that of the output of the diversity com-

biner for a given signal level [8]. MRC yields the highest diversity gain followed
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Figure 7.5: Doppler spread experienced by two channels in mode-stirred metal
enclosure.
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closures. SC,EGC and MRC are three diversity techniques. Rx inter-element
distance is 45 mm and Tx and Rx USRP gains were set to 4 dB respectively.
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by EGC. SC is maximum of the two channels hence it lower diversity gain and

appears closer to stronger channel. For two-branch diversity channel expression

for SC, EGC and MRC can be given as follows:

ysc = max {y1, y2}

yegc = y1+y2√
2

ymrc =
√
y21 + y22

(7.3)

Fig.7.7 shows measured MIMO diversity techniques in mode-stirred metal

enclosure. As expected MRC outperforms SC and EGC. This figure also shows

that number of SC,EGC and MRC diversity samples received at threshold values

of -26 dB to 32 dB. It’s again clear that for all the threshold values MRC has

more number of received samples at all threshold values followed by EGC.

7.3 Conclusion

Wideband MIMO channel capacity measurements are performed in the metal

enclosure for different distance between transmitter and receiver. A total of 100

MHz bandwidth is swept. The measured parameters are swept for the both

SDR channels. It’s shown that most of the energy is contained in the metal

enclosure and the received signal components are strong. Additionally, diversity

measurement is performed at different thresholds and based on the empirical

definition of diversity gain the results show that the MRC technique outperform

other diversity techniques i.e. EGC and SC.
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Figure 7.7: Diversity measurement of open-loop 2x2 MIMO with equal power
allocation strategy in mode-stirred metal enclosure. The inter-element distance
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

Near-field MIMO communication for wireless chip-to-chip communication has

been investigated in details. It has wide aspects of open-research problems.

The legacy interconnects for chip-to-chip communication may not be suitable

for higher data transmission because of the increased transistor downscaling and

chip-to-chip system scalability. Wireless chip-to-chip communication can be help-

ful for increased scalability and reduced routing delays in wireless network on chip.

chip-to-chip communication is a complex propagation environment and has the

possibility of exhibiting rich-scattering environment, therefore wireless transfer

of information at high data rates can be leveraged by using higher number of

transmit and receive antennas. MIMO increases spectral efficiency under rich-

scattering environment. However, increased MIMO efficiency can be degraded

by presence of transmit and receive correlation. Independent and identically

distributed MIMO channels assure higher channel capacity. However, diagonally

correlated MIMO channel can offer even higher channel capacity than IID MIMO

channels. MIMO channel capacity is constraint on distribution of transmit power.

Distribution of transmit power depends on availability of channel state infor-

mation at the transmitter. Knowledge of channel state information at MIMO

transmitter is important in order to optimally distribute power in MIMO chan-
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nel. Therefore, two predominant power allocation strategies are used known as

equal power allocation and water-filling algorithm. Equal power allocation in

MIMO system is used when there is no MIMO channel state information at the

transmitter side and water-filling algorithm is used as an optimal power alloca-

tion strategy in closed-loop MIMO system i.e. when MIMO CSI is available at

the transmitter in addition to the receiver. In order to maximize the MIMO

channel capacity, MIMO channel should be well-conditioned i.e. it shouldn’t be

rank-deficient. Rank-deficient channels are also known as keyhole or pin-hole

channels in which SISO capacity is obtained despite multiple antennas at the

transmitter and receiver. MIMO channel measurements are performed in metal

enclosure and the channel characterization of MIMO channel has been performed.

Generally, MIMO subchannel elements are best fitted by Weibull distribution.

MIMO channels also offer diversity. Therefore, from the measurements in differ-

ent propagation environment diversity techniques are selection combining, equal

gain combining and maximum ratio combining are extracted at different thresh-

old levels. Dual polarized and hybrid polarized MIMO channels are beneficial

in terms of form-factor over spatial MIMO. Polarization diversity can be helpful

to pack more number of antennas and orientation of antennas can be adjusted

considering the architectures and layout of the electronic chips and boards within

a package. Cross-polar discrimination factor is measured to check the orthogo-

nality of the two polarization. However, it’s inherent property of wireless channel

to depolarize the signal such that vertically polarized signal is received by hori-

zontally polarized antenna. Despite all of this, there is still gain loss in MIMO

subchannel elements. Hence, reduced form-factor can be obtained by using dual-

polarization and hybrid polarization MIMO system but the capacity gain is less

than the spatial MIMO, because of power loss in subchannel elements in dual

and hybrid-polarized MIMO systems. A 2x2 MIMO SDR based testbed has been

created to measure different aspects of complex MIMO communication in a metal

enclosure environment. Metal enclosure environment generates higher number of
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multipath component i.e. rich-scattering environment which can be exploited by

using MIMO communication for improved BER, EVM and MIMO capacity. Two

channel USRP BER and EVM measurements are presented in different scenarios

i.e LOS and NLOS in metal enclosure. Additionally, the two channel BER and

EVM measurements were also performed in presence of RF absorbers i.e. load-

ing the enclosure, in presence of RF interference and in presence of mode-stirrer

movement. Mode-stirrer performed one revolution roughly in 60 seconds. The

result of moving mode-stirrer in metal enclosure is a non-stationary environment

and the effect of moving stirrer on two channel EVM was varying instantaneous

EVM. It is observed that the two channel EVM increases in presence of different

levels of interference. For main communication link gain of 10 dB, the best chan-

nel 1 EVM was 34% and the best EVM value for channel 2 was 20%. The worst

channel 1 and channel 2 EVM was 43% and 65% respectively. Similarly for two-

channel BER, the best channel 1 BER was 10−9 and channel 2 BER was 0. The

worst channel 1 and channel 2 BER values were around 1 and 0.5 respectively.

8.2 Future Work

There are many future aspects of this research. This experimental research gen-

erated many ideas in terms of channel modeling, scalability of SDR based tes-

bed, operating frequency, types of antennas, type of radio environment, choice of

modulation techniques, and communication systems implementation aspects. A

similar SDR based tedbed for higher frequencies such as mmWave can be more

helpful. Additionally, the MIMO channel sounding can be performed with SDRs

that offer higher bandwidth such as Cyan high bandwidth SDR by Per Vices

which offers RF bandwidth of 3 GHz.
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mmWave MIMO links

The near-field MIMO testbed can be extended to work at mmWave frequencies

and with increased number of transmit and receive antennas. This testbed then

can be used for measurements in the metal enclosure or computer casings. Al-

though, there are measurement present in the literature but are used in SISO

communication. It shall be useful to understand type of mmWave MIMO chan-

nel in confined environment with realistic scenario where computer architectural

components are present.

MIMO-OFDM Receiver

Full-stack of MIMO-OFDM receiver can be used for end-to-end communication

system measurements such as throughput and BER measurements. The state-of-

the-art MIMO-OFDM receiver can be developed that meets the requirements of

a high data rate wireless chip-to-chip communication link.

Channel Sounding

Channel sounding in time-domain using orthogonal sequences should be per-

formed at higher sampling rates which can provide descent time-resolution. This

means SDRs with increased bandwidth can be used for channel sounding of the

metal enclosure and computer casings. Increased resolution can help resolve mul-

tipath clusters which can be modeled using Saleh-Valenzuela multi-clustering

approach. Additionally, adaptive power control mechanism should be applied

when the there’s likelihood that the channel profile will change. However, for

short-range propagation environment within metal enclosure stationary channels

can be expected.
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Reconfigurable Intelligent Surfaces

Reconfigurable intelligent surfaces are a passive reflectors with huge number of

low-cost elements that can tune properties of wireless channels. RIS is energy-

efficient and spectral-efficient solution. It can be a game-changer technology for

the realization of wireless chip-to-chip communication as it can be designed at

most of electromagnetic spectrum bands. RIS can perform passive beamforming

and it can create virtual LOS links. This can relax chip fabrication and elec-

tronic circuitry related issues. Since RIS can create multiple links using passive

beamforming, therefore, RIS-assisted multi-chip wireless links can potentially be

created. At the time of writing, some aspects of this work were exploited to cre-

ate robust RIS-assisted links in metal enclosure. The RIS-assisted measurements

were performed at 5 GHz. EVM optimization was performed in presence of dif-

ferent levels of noise. The series of experiments generated plenty of ideas which

can be materialized for multi-chip wireless communication.
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Appendix A

• USRP Frequency Sweep for Received Power Measurements

1 %% Frequency Sweep for received power measurements
2 f_values=[linspace(5.55e9,5.65e9,100)];
3 for i = 1:length(f_values)
4 simIn(i) = Simulink.SimulationInput('sdruqpsktxrx_2x2');
5 simIn(i) = setVariable(simIn(i),'f',f_values(i));
6 end
7 simOutputs(1,:) = sim(simIn);
8 figure
9 BER1=zeros(1,length(f_values));

10 BER2=zeros(1,length(f_values));
11 %BER3=zeros(1,length(SNR_values));
12 for i=1:length(f_values)
13 BER1(1,i)=mean(simOutputs(1,i).BER1.signals.values(:,1));
14 BER2(1,i)=mean(simOutputs(1,i).BER2.signals.values(:,1));
15 end
16 semilogy(f_values,BER1,...
17 '−.sr','MarkerSize',10,...
18 'MarkerEdgecolor','k','MarkerFaceColor','r',...
19 'linewidth',1.15)
20 hold on
21 semilogy(f_values,BER2,...
22 '−.dk','MarkerSize',10,...
23 'MarkerEdgecolor','k','MarkerFaceColor','k',...
24 'linewidth',1.15)
25 xlabel('Tx Gain (dB)')
26 ylabel('Measured BER')
27 legend('Channel 1','Channel 2')
28 set(gca,'fontsize',14)
29 grid on
30 set(gca,'linewidth',1.25)
31 title('Interference Tx Gain=70dB')
32 %saveas(gcf,'empty_gainsweep_85int_6cones.jpg')

• USRP Gain Sweep for BER Measurements

1 %% USRP Gain Sweep for BER measurements
2 gain_values=2:2:10;
3 for i = 1:length(gain_values)
4 simIn(i) = Simulink.SimulationInput('sdruqpsktxrx_2x2');
5 simIn(i) = setVariable(simIn(i),'gain',gain_values(i));
6 end
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7 simOutputs(1,:) = sim(simIn);
8 figure
9 BER1=zeros(1,length(gain_values));

10 BER2=zeros(1,length(gain_values));
11 %BER3=zeros(1,length(SNR_values));
12 for i=1:length(gain_values)
13 BER1(1,i)=mean(simOutputs(1,i).BER1.signals.values(:,1));
14 BER2(1,i)=mean(simOutputs(1,i).BER2.signals.values(:,1));
15 end
16 semilogy(gain_values,BER1,...
17 '−.sr','MarkerSize',10,...
18 'MarkerEdgecolor','k','MarkerFaceColor','r',...
19 'linewidth',1.15)
20 hold on
21 semilogy(gain_values,BER2,...
22 '−.dk','MarkerSize',10,...
23 'MarkerEdgecolor','k','MarkerFaceColor','k',...
24 'linewidth',1.15)
25 xlabel('Tx Gain (dB)')
26 ylabel('Measured BER')
27 legend('Channel 1','Channel 2')
28 set(gca,'fontsize',14)
29 grid on
30 set(gca,'linewidth',1.25)
31 title('Interference Tx Gain=85dB')
32 %saveas(gcf,'empty_gainsweep_85int_6cones.jpg')

• USRP Gain Sweep for EVM Measurements

1 %% USRP Gain Sweep for EVM Measurements
2 gain_values=2:2:10;
3 for i = 1:length(gain_values)
4 simIn(i) = Simulink.SimulationInput('sdruqpsktxrx_2x2');
5 simIn(i) = setVariable(simIn(i),'gain',gain_values(i));
6 end
7 simOutputs(1,:) = sim(simIn);
8 figure
9 EVM1=zeros(1,length(gain_values));

10 EVM2=zeros(1,length(gain_values));
11 %BER3=zeros(1,length(SNR_values));
12 for i=1:length(gain_values)
13 EVM1(1,i)=mean(simOutputs(1,i).EVM1.signals.values(:,1));
14 EVM2(1,i)=mean(simOutputs(1,i).EVM2.signals.values(:,1));
15 end
16 for i=1:length(gain_values)
17 Pdbm1(1,i)=mean(simOutputs(1,i).Pdbm1.signals.values(:,1));
18 Pdbm2(1,i)=mean(simOutputs(1,i).Pdbm2.signals.values(:,1));
19 end
20 plot(gain_values,EVM1,...
21 '−rs','MarkerSize',10,...
22 'MarkerEdgecolor','k','MarkerFaceColor','r',...
23 'linewidth',2)
24 hold on
25 plot(gain_values,EVM2,...
26 '−dk','MarkerSize',10,...
27 'MarkerEdgecolor','k','MarkerFaceColor','k',...
28 'linewidth',2)
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29 xlabel('Tx Gain (dB)')
30 ylabel('Measured EVM (%)')
31 legend('Channel 1','Channel 2')
32 set(gca,'fontsize',16)
33 grid on
34 %saveas(gcf,'empty_gainsweep_6cones_60_int75_EVMbar.jpg')
35 %%
36 figure
37 bar_data=[EVM1;EVM2];
38 Pdbm=[Pdbm1;Pdbm2];
39 % Get the max value of data (used ot det the YLIM)
40 mx=max(bar_data(:))
41 % Draw the grouped bars
42 hbar=bar(bar_data)
43 % Get the XDATA
44 XDATA=get(hbar(1),'XData')';
45 % Define the vertical offset of the labels
46 ygap=mx*0.13;
47 ygap_pow=mx*0.25;
48 % Loop over the bar's group
49 for i=1:length(hbar)
50 % Get the YDATA of the i−th bar in each group
51 YDATA=get(hbar(i),'YData')';
52 % Loop over the groups
53 for j=1:length(XDATA)
54 % Get the XPOS of the j−th bar
55 xpos=XDATA(j);
56 % Get the height of the bar and increment it with ...

the offset
57 ypos=YDATA(j)+ygap;
58 ypos1=YDATA(j)+ygap_pow;
59 % Define the labels
60 labels=[num2str(YDATA(j),3),' %'];
61 % Add the labels
62 t = ...

text(xpos+hbar(i).XOffset,ypos,labels,'Color','k',...
63 'HorizontalAlignment','center','Rotation',90)
64 end
65 end
66 str={'SDR Channel 1';'SDR Channel 2'};
67 set(gca, 'XTickLabel',str, 'XTick',1:numel(str))
68 ylabel('Measured EVM %')
69 set(gca,'fontsize',14)
70 legend('Tx Gain=2dB','Tx Gain=4dB','Tx Gain=6dB','Tx ...

Gain=8dB','Tx Gain=10dB')
71 grid minor
72 shg
73 ylim([0 140])
74 %saveas(gcf,'empty_gainsweep_6cones_60_int75_EVMbar.jpg')

• Parseval’s Theorem: Power content of a signal in time domain is equal to
power content in frequency domain.

1 function [pow_f,pow_t,error] = fcn(u)
2 power_time=10*log10(sum(abs(u).^2)); % Power in time−domain
3 power_frequency=10*log10(sum(abs(fft(u)).^2)/length(u)); ...
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% Power in frequency−domain
4 pow_t =max(power_time);
5 pow_f=max(power_frequency);
6 error=(pow_t−pow_f);

• Programmatically received power measurements. This may take a lot of

time, therefore, it’s better to resort on frequency sweep using orthogonal

sinusoids for MIMO frequency response measurements.

1 %% Frequency Sweep for received power measurements
2 tic;
3 f_values=[linspace(5.55e9,5.65e9,251)];
4 for i = 1:length(f_values)
5 simIn(i) = Simulink.SimulationInput('S21_sinesweep');
6 simIn(i) = setVariable(simIn(i),'f',f_values(i));
7 end
8 simOutputs(1,:) = sim(simIn);
9 toc

10 %% Received Power in dB
11 figure
12 Prx1_dB=zeros(1,length(f_values));
13 Prx2_dB=zeros(1,length(f_values));
14 for i=1:length(f_values)
15 Prx1_dB(1,i)=mean(simOutputs(1,i).Pdb1.signals.values(:,1));
16 Prx2_dB(1,i)=mean(simOutputs(1,i).Pdb2.signals.values(:,1));
17 end
18 semilogy(f_values,Prx1_dB,'linewidth',1.15)
19 hold on
20 semilogy(f_values,Prx2_dB,'linewidth',1.15)
21 xlabel('Frequency (Hz)')
22 ylabel('Received Power (dB)')
23 legend('Channel 1','Channel 2')
24 set(gca,'fontsize',14)
25 grid on
26 %% Received Power in dBm
27 figure
28 Prx1_dBm=zeros(1,length(f_values));
29 Prx2_dBm=zeros(1,length(f_values));
30 for i=1:length(f_values)
31 Prx1_dBm(1,i)=mean(simOutputs(1,i).Pdbm1.signals.values(:,1));
32 Prx2_dBm(1,i)=mean(simOutputs(1,i).Pdbm2.signals.values(:,1));
33 end
34 semilogy(f_values,Prx1_dBm,'linewidth',1.15)
35 hold on
36 semilogy(f_values,Prx2_dBm,'linewidth',1.15)
37 xlabel('Frequency (Hz)')
38 ylabel('Received Power (dBm)')
39 legend('Channel 1','Channel 2')
40 set(gca,'fontsize',14)
41 grid on
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Appendix B

• AD9371 RFIC Schematic:

Figure 8.1: AD9371 Schematic
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• AD9361 RFIC Schematic:

Figure 8.2: AD9361 Schematic
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• SDRu MIMO Transmitter Settings

Figure 8.3: Transmitter Settings
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• SDRu MIMO Receiver Setting

Figure 8.4: Receiver Settings
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• uhd_find_devices

Figure 8.5: UHD probe command result. It is used to know number of UHD
devices connected to host PC.

• uhd_usrp_probe –args addr=192.168.10.2

Figure 8.6: Output of the command. It populates important information about
connect USRP and the number of RF cards, the number of channels and the type
of RF card.
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• Continue

Figure 8.7: continued...Output of the command. It populates important informa-
tion about connect USRP and the number of RF cards, the number of channels
and the type of RF card.

• uhd_image_loader

Figure 8.8: Image update of the USRP using uhd_image_loader command. It
targets the connected USRP using IP address and specifies path to FPGA image.
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• uhd_image_loader success

Figure 8.9: UHD image update success. Power-cycle is necessary once image has
been updated. It’s mandatory not to disconnect power supply of USRP when the
image update is being performed otherwise this could brick the USRP.
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