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Abstract

A multiple channel antenna testbed is constructed and configured for analysis of chan-
nel impulse responses. Transmit signals are generated using an Altera® Stratix® II
field programmable gate array (FPGA) and hardware-modulated onto the radio fre-
quency (RF) carrier. Received RF signals are down-converted to an intermediate fre-
quency carrier using a commercial RF front end, sampled at FPGA analog-to-digital
converters, and software-demodulated offline using MATLAB®. Matched sliding cor-
relators are applied to the received signals to yield the channel impulse responses,
which are then placed into a least-mean squares (LMS) adaptive filter simulation to
evaluate minimum mean squared error (MMSE) performance for several indoor and
outdoor antenna layouts in the 1900 (MHz) Personal Communications Services C2
band as per Standard Radio System Plan 510. MMSE values from simulation show
improvement for the indoor far-spacing case over the indoor close-spacing case and

the outdoor cases.
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Chapter 1

Introduction

There has been a significant amount of simulation-based research in the field of
multiple input multiple output (MIMO) systems in the last decade, but recently the
research interest has shifted to incorporate more real-world prototyping. At the time
of this writing, quite a few universities and research institutions have already designed,
constructed, and tested real world MIMO applications, but no such implementation
of this scale previously existed at University of New Brunswick (Fredericton). In
this thesis, which is part of a larger project called Communication Networks and
Services Research (CNSR), a RF antenna testbed was constructed and implemented
to support 16 wireless channels operating in parallel, and the system performance
was evaluated on the basis of radio channel impulse response measurements and

corresponding minimum mean squared error (MMSE) estimates.

1.1 Background and Literature Review

A channel impulse response (CIR) is the measure of a radio communications
channel when an electromagnetic impulse is transmitted over air. In this respect, the
radio propagation channel can be viewed as a time and spatially varying filter which

distorts the transmitted signal of interest. The “filter” characteristics are mainly de-



termined by both the reflection of electromagnetic waves off other objects and the
movement of reflective surfaces in and around the path of propagation (multipath),
as well as the movement of the transmitter and/or receiver. The purpose of multiple
impulse response measurements is to quantify the varying filter characteristics of the
communication channel with respect to both time and space. With respect to MIMO
systems, channel impulse responses can be used for the investigation and quantifi-
cation of improved channel capacity and system performance over traditional single
input single output (SISO) systems. In the past decade, there has been significant
work and achievements in the area of MIMO research. For example, the work done
by David Gesbert et al. [3] examined different classes of proposed algorithms and
techniques which attempt to realise the various benefits of MIMO including spatial
multiplexing and spacetime coding schemes, and also investigates the integration of
MIMO algorithms into current commercial standards such as third generation wireless
(3G) and wireless local area network (WLAN).

One of the key methods in CIR estimations is the use of cross-correlation.
Sharif et al. [4] found that, using pseudo-random noise (PN) sequences for signal
generation, cross-correlating the received signal with a copy of the transmitted signal
is a valid estimation technique for obtaining CIR. Most systems that utilise PN se-
quences in this manner use a specific type of PN sequence known as maximum length
sequences. This specific type of sequence is quite useful in tracking impulse responses

for a given number of repeat intervals of transmitted PN sequences.

1.2 Thesis Objective and Contributions

The objective of this thesis was to develop an RF antenna testbed with 16 wire-
less channels operating in parallel for examination of the effects of antenna positioning

and separation on the system channel impulse responses and corresponding channel



matrix MMSE estimations. This work is an continuation of the work done by J.
Andy Harriman et al. [5], at which stage the testbed included two Altera® Stratix® II
field programmable gate arrays (FPGAs), and other commercial off-the-shelf (COTS)
equipment such as 4 external ADC daughter boards, a signal generator, Hittite wide-
band quadrature modulators, 2400 (MHz) ISM band antennas, AOR wideband re-
ceivers, and various lengths of RG-58 coaxial cable. A custom signal-conditioning
printed circuit board (PCB), designed and developed by Harriman, was also con-
structed and installed on one of the FPGAs in order to perform voltage level transla-
tions on the signals being passed from FPGA general purpose input output (GPIO)
pins to the Hittite modulator. Custom PCBs were also developed for DC biasing
the Hittite modulators. One FPGA was used to generate the PN sequences for
transmission and both FPGAs were used to acquire and process the four receiver
intermediate frequency (IF) signals, with each FPGA supporting connections for two
external analog-to-digital converters (ADCs). Harriman demonstrated successful sin-
gle channel transmission, recovery, and demodulation (both in FPGA software and
MATLAB®) to verify system operation.

In this work however, extra hardware (including splitters, amplifiers for both
the transmitters and receivers, additional Hittite modulators, extra lengths of RG-58
coaxial cable, and 1900 (MHz) transmitter and receiver antennas) was purchased/de-
veloped and installed to reconfigure the testbed for simultaneous operation of four
transmitters and four receivers at 1900 (MHz). Each transmit station Hittite mod-
ulator RF output was amplified by approximately 15 (dB) before transmission via
RF antenna, and the radio IF outputs were amplified by approximately 25 (dB) be-
fore being sampled by FPGA ADCs. CIR matrices were implicitly obtained after
baseband signal processing then placed in a LMS adaptive filter simulation to deter-
mine whether the obtained matrix could be used in a communications system. Eight

tripods were each fitted with wooden platforms and used to house the equipment for



each of four transmitters and four receivers. The equipment and cabling were secured
onto the tripod stand by cable ties in effort to safeguard and ease the movement of
the equipment during field testing. Four lengths of low-loss coaxial cable were also
purchased for providing each transmitter with a high frequency local oscillator signal
up to 90 (m) away from signal source generator. A testbed of this nature lends it-
self to many practical areas of communications research including multi-channel and
MIMO system capacity measurements in a variety of test environments, signalling
wavelength antenna placement (SWAP) gain analysis, and fourth-generation mobile
communication technologies.

This system currently consists of eight antennas, one antenna for each of four
transmitter stations and one for each of four receiver stations, and is configured for
operation in the 1900 (MHz) PCS C2 band. Each transmitter station sends out a
signal at 2.5 Mega-Symbols Per Second (MSym/s) on a carrier frequency of 1902.5
MHz, and each radio receiver is tuned to the same carrier frequency for proper signal
reception. Each radio receiver down-converts its received high-frequency carrier to a
10.7 MHz IF signal, which is then passed to the FPGA for baseband signal processing.
In any decentralized system, whether it is the receivers, the transmitters, or both that
are decentralized, there is usually the need for pilot symbols for transmitter-receiver
synchronization. However, as this system is a centralized approach, pilot symbols are
not required. The FPGA, which is used for signal generation, and the radio receivers,
which are used for reception, are all phase-locked to a common 10 MHz standard
from a signal generator. It should also be noted that the system can be expanded
to support more transmitters, via utilization of additional or different FPGAs, and
more receivers, via additional analog-to-digital converters (ADCs) on the FPGA(s),

for future research experiments.



1.3 Thesis Layout

The rest of the material in this thesis is presented in the four chapters which
follow this section. Chapter 2 describes the various system modules, along with
system architecture, as well as the actual equipment used for system testing, veri-
fication and debugging. Chapter 3 details the chosen method of signal generation
and transmission, including transmission signal sequences, receiver frequency stan-
dard distribution and configuration, hardware design encapsulation, and baseband
signal processing technique. Chapter 4 outlines the various test configurations used
for system verification and results from effect of antenna placement and transmission
sequence variation. Chapter 5 gives a summation of the thesis findings and intended

future work.



Chapter 2

System Design and Layout

In this chapter, we describe the various design modules and hardware archi-
tecture, and also describe the selection of equipment used for testing and debugging

system operation.

2.1 System Modules and Hardware Architecture

The RF antenna testbed system design has been divided into three main mod-
ules: transmit, receive and central control. During module construction it was also
found that it was important to implement hardware encapsulation, with regard to
cable connector points, in order to decrease cable pull on the connectors and to ease
the process of system debugging. System module and hardware encapsulation details

are given in the following subsections.

2.1.1 Transmit

Each transmit module consists of a large Antenna Factory FO1710-8, 8 (dBi)
antenna, a Hittite HMC497LP4 wideband quadrature modulator (mounted on a eval-
uation PCB) with 5 (V) power supply, and a Mini — Circuits® ZX60-6013E+ low-noise

amplifier (LNA) with 12 (V) power supply, all mounted on camera tripod with trian-
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gular wooden platform installed. The device interconnections are made using short
lengths of RG-58 coaxial cable. Figure 2.1 illustrates a block diagram of setup and
Figure 2.2 shows an actual photograph of a transmit station. The F01710-8 antenna
data sheet [6] states it has an operating frequency range of 1710-1990 (MHz), and is
therefore suitable for transmission in the 1900 (MHz) PCS C2 band. This vertically-
polarized antenna also has a gain of 8 (dBi) which is oriented to maximize radiation
at the horizontal plane. The HMC497LP4 quadrature modulator accepts baseband
input for a frequency range of DC-700 (MHz), and local oscillator (LO) input be-
tween 450-4000 (MHz) [7]. The modulator uses quadrature amplitude modulation
(QAM) to modulate the incoming inphase (I) and quadrature (Q) baseband signals
supplied from the FPGA, onto the incoming LO signal which is supplied from an
Aeroflex signal generator. The Mini — Circuits® ZX60-6013E4+ LNA, which has an
operating frequency range of 20-6000 (MHz), is used to amplify the modulated RF
output to the transmit antenna. However, since the FPGA uses the 0-3.3 (V) low-
voltage transistor-transistor logic (LVTTL) standard and the modulator only accepts
baseband input between 1.4 (Vpe) and 1.6 (Vpe), signal conditioning circuitry had
to be implemented to interface signals from FPGA to the modulator. The signal
conditioning circuitry PCB used in this project was developed by Harriman et al. [5],
in which an illustration and schematic of said PCB is given. It mounts on top of
FPGA general purpose input/output (GPIO) pins and is fitted with SMA connectors
to facilitate connection with, and signal transmission along, SMA-connectorized RG-

H& coaxial cable.

2.1.2 Receive

Each receiver module consists of an antenna for operation in the 1900 (MHz)

frequency range, an AOR AR5000A wideband radio receiver, and a Mini — Circuits® ZHL-
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6A medium power amplifier, all mounted on a camera tripod stand with a circular
wooden platform installed. Figure 2.3 shows a block diagram of the setup and Fig-
ure 2.4 shows a photograph of the actual setup. During the channel measurement
phase, two different sets of 1900 (MHz) antennas were used. Initially, system testing
and debugging was carried out with a Nearson Inc. quarter-wave, 0 (dBi), rubber
duck antenna with SMA plug connector installed at each receiver, which is shown in
Figure 2.3. These tri-band antennas are specified for operation in the 890-960 (MHz),
1710-1810 (MHz), and 1850-1990 (MHz) bands. However, prior to the outdoor test-
ing phase of the thesis, the decision was made to change these antennas with the aim
of achieving improved received signal strength and quality. As a result, the outdoor
tests described later in Chapter 4 were carried out using a quarter-wave, 3 (dBi),
whip antenna with SMA plug connector installed at each receiver. The AR5000A
receiver has a tunable frequency range of 0.01-2600 (MHz), which makes it suitable
for operating in the 1900 (MHz) PCS C2 band. The receiver has an input connection
for an external frequency standard (which in this case comes from the same Aeroflex
signal generator that supplies the FPGA clock), an input connection for RF signal
from receiver antenna, as well as an output connection for intermediate frequency
(IF) output. The ZHL-6A amplifier has an operating frequency range of 0.0025—
500 (MHz), stated as having a typical gain of 25 (dB) at 2000 (MHz) and 1 (dB)
compression point of +22 (dB) [8]. It is used to amplify the IF output from the radio
before propagation along the 90-(m) RG-58 coax to an FPGA ADC input. The total
attenuation of this 10.7 (MHz) signal along the 90-(m) RG-58 coax was found to be
approximately 4.4 (dB), but, without amplification, it was found that the IF output
from each radio was of significantly low amplitude (in the order of 30 (mV,;)), mak-
ing it necessary to use an amplifier in order to get observable signal at the other end

of the 90-(m) cable run connected to the FPGA ADC input.
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2.1.3 Central Control

This module consists of all the devices which will effect system control and
facilitate communication amongst devices on both the transmit and receive side. It
consists of one Altera® Stratix® II FPGA with two ADC daughter boards, an Aeroflex
signal generator, eight ZX60-6013E4+ LNAs, one ZHL-6A amplifier, and two power
splitters. A block diagram showing all inter-device connections is given in Figure 2.5,
and a photograph is shown in Figure 2.6. The signal generator provides a high-
stability 10 MHz frequency standard which is amplified and split to supply a clock
signal to each radio’s phase-locked loop (PLL), as well as the FPGA’s PLL, in order
to frequency-lock the system. The generator also supplies the LO signal which is split

four ways to supply the modulator at each transmitter.

2.1.4 Hardware Encapsulation

In order to decrease coaxial cable connector wear and tear and avoid regularly
interfering with individual equipment connections on a station, it was decided that
each transmit and receive station would have mounted external coaxial connection
points for the 90-(m) cables that connect the various devices on a given station back
to the central control hub. To do this, each of several 1-(m) lengths of cable were
connected to the connector of a given station device requiring direct connection to
the central control hub, and the other end of the short length cable (opposite gender
to first connector) is mounted on the tripod to facilitate connection to the respective
90-(m) line to/from central control. Also, a bulkhead was installed at the central
control hub and used to interface the devices inside the cabinet to all transmit and
receive stations. The bulkhead consists of 32 SMA female-female connectors, and
four RS-232 female-female connectors. The SMA connectors are for connecting each

transmitter’s 90-(m) I and Q lines (from FPGA), as well as 90-(m) low-loss LO lines
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(from signal generator) to their respective transmitter stations, as well as connecting

each receiver’s IF output and 10 (MHz) standard lines to their respective receivers.

2.2 Equipment for System Testing and Debugging

This section describes some of the equipment that was used to perform tests
in effort to verify proper device and inter-device functioning, as well as to perform

any necessary debugging, at the various stages of project development.

2.2.1 Tektronics® TDS2002B Oscilloscope

The Tektronics® TDS2002B oscilloscope was of significant use in the debugging
process, including taking voltage level measurements at FPGA pin outputs, verifying
proper clock signals at radio and FPGA external clock inputs, temporary monitoring
of IF signal from radio to FPGA ADC to observe and confirm reception of modulated
signal, and verifying correct FPGA signal conditioning circuit and custom bias board

voltage levels before installing inter-device connections.

2.2.2 Agilent® HP E4402B Spectrum Analyser

The Agilent® HP E4402B spectrum analyser was used to carry out spectrum
analysis for RF transmissions within compliance of Standard Radio System Plan
(SRSP)-510 [9] and Radio Standards Specifications (RSS)-133 [10]. SRSP-510 is a
document written by Industry Canada that specifies PCS minimum technical require-
ments for efficient utilization of the bands 1850-1915 (MHz) and 1930-1995 (MHz),
while RSS-133 sets out requirements for the certification of transmitters and receivers
used to provide PCS in these same two bands. The analyser is stated to have a max-
imum RF input power rating of +30 (dBm) (1 Watt) and a frequency sweep range of

9 (kHz)-3 (GHz), which makes it very suitable for the nature of the system measure-
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ments in this project. The RF output of the modulator is monitored on the E4402B
Spectrum Analyzer, and the data, along with a screen shot, is saved on the floppy
and transferred to PC for inclusion with MATLAB®analysis. An example of such an
RF screen shot is given in Figure 2.7. The frequency domain of the RF waveform is
a sinc function, which is expected as the baseband PN sequences in the time domain

are rectangular waveforms.
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Figure 2.7: HP E4402B spectrum analyser RF screen shot
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Chapter 3

System Implementation

In this chapter we explore the actual details of system implementation, includ-
ing method of signal generation and transmission, frequency standard distribution
for receiver PLLs, and the particular baseband signal processing technique that was

used for signal recovery.

3.1 Signal Generation and Transmission

The baseband signals which were generated for transmission are known as
maximum length PN sequences, and, these sequences, along with LO signals for corre-
sponding transmit stations, are transported to each of the transmit station modulator
input ports. Also, calculations were carried out on RF spectrum measurements to es-
timate the highest RF power and baseband signal bandwidth that could be employed
while maintaining compliance with spectrum bandwidth and out-of-band emissions

as per SRSP-510 [9] and RSS-133 [10].
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3.1.1 Maximum Length Pseudo-Random Noise

Sequences

As per Golomb [11], a sequence {ay} is a maximum length PN sequence if and

only if it is a binary sequence which satisfies a linear recurrence

o = Zci ax—i (mod 2) (3.1)

i=1

and has period p = 2" — 1, where n is referred to as the degree of the PN sequence

{ay}, and the characteristic polynomial of the sequence

fl@)=14) ¢ x (mod 2) (3.2)

is irreducible. For f(z) to be prime, it is a necessary and sufficient condition that
f(x) divide 1 — x™ for m > p only. A list of prime characteristic polynomials of 9"
degree were taken from Petersen Tables of Irreducible Polynomials over GF(2) [1], and
used as tap generator polynomials for each of the inphase and quadrature signals to
each transmitter. Linear recursive sequence (LRS) generators were coded in Verilog
hardware description language (HDL) and used in Quartus® II FPGA software to
produce the 1/Q pairs (from FPGA GPIO pins) for transmission. The LRS Verilog

HDL code is given in Appendix C.

3.1.2 Transmission Data Calculations

This subsection includes calculations for estimating the minimum and maxi-
mum PN sequence lengths (i.e. number of samples) that can be transmitted using
this antenna testbed based on maximum Tx-Rx antenna separation, estimated indoor

root-mean-square (RMS) delay spread, number of required periods of transmitted sig-
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Table 3.1: Polynomial Table [1]

Primitive Polynomial Verilog HDL Generator
Tap Equivalent [LSB,.., MSB]

BT+ b+t +1 9’b100011111
B4+t +ar+1 9’b111000111
P4+ttt +1 9'b101011011
4+ +at+ a2+ 1 9’b100111011
P4+ a2+ 2+t + 1 9'b101001111
2+ 2" 4 28 + 23 + 22 9010000111
S+ a2+t + 9’b000110011
P+’ + 2+ 1 9’b100100011

nal for observation and analysis, [F bandwidth, and the IF ADC sampling frequency.
It is noted that the minimum number of transmit samples are governed by system
multipath resolution requirements and the maximum number is ultimately limited
by the coherence time [12]. For any multi-user MIMO communication system, it is
important that multipath be resolved in order to track small-scale changes in the
channel and facilitate good user identification performance. RMS delay spread is
the difference in arrival times of the shortest and the longest of the multiple paths
taken by a transmitted signal during propagation from transmitter to receiver, and
the line-of-sight (LOS) component represents the shortest path between transmitter
and receiver. Given that the transmitter station lines (“I”, ”7Q”, and “LO”) and re-
ceiver station lines (“IF” and “STD”) are 90 (m) in length, a transmitter and receiver
may be separated by a maximum line-of-sight (LOS) distance of 180 (m) as shown in
Figure 3.1, which demonstrates the LOS component and the first dominant reflected
signal component from transmitter to receiver using 2-dimensional (2-D) analysis.

Analysis of a typical 3 x 4 x 5 right-angled triangle was extended to find the total
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reflected path at an LOS separation of 180 (m):

LOS at5 (m):x+y =34+4=7(m) (3.3)
LOS at 180 (m) : x +y =7 % = 252 (m) (3.4)

For the case of 180-(m) LOS separation, (3.4) indicates that there is a theoretical
difference of 72 (m) between LOS and first dominant reflected signal paths, which
corresponds with a time difference of 72 (m)/(3 x 10%) (m/s) = 240 (ns) between
LOS and reflected components per cycle. Therefore, 3 cycles will have total delay
spread, oiotal, of approximately 720 (ns). Given that the IF is sampled at 40 (MHz),

the corresponding number of Tx samples, N, is found as follows:

Nuin = F, (Samsples> Otoal (5) (3.5)
— 40 x 10 (ﬂsples> 720 x 1079 (s) (3.6)

= 29 (samples) (3.7)
(3.8)

Therefore, a minimum of N, = 29 (samples) (or PN length of 29 bits) per period
must be transmitted in order for multipath to be resolved at the maximum Tx-Rx
antenna LOS separation of 180 (m).

As mentioned previously, coherence time is the upper limit on the number of
transmit samples [12]. Coherence time is inversely proportional to Doppler frequency,
which represents frequency and phase shifts in transmitted signals at receivers as users

and/or objects move around in the path of propagation, or, more specifically:

1

Tcoh = K (39)

fDoppler
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where 7.op is the coherence time, K is an arbitrary factor, and fpoppler is the estimated
Doppler frequency. If a typical user moves, or if an object is moving in the propagation
path at an average speed, Vyser, of 5 (km/hr), then the 1902.5 (MHz) link Doppler

frequency, fpoppler, can be found as

Vuser fDoppler

= 3.10

c fCarrier ( )

Vuser
fDoppler = fCarrier 7 (311)
5 (km) 103 () _L_ (hr
= 1902.5 x 106 (hr) (km) 3600 ( s ) (312)
3 x 108 ()
= 8.81 (Hz) (3.13)

Using (3.9) with K = 5 and fpeppler = 8.81 (Hz) yields 7eon &~ 11 (ms). The chip

length, T, of each baseband signal at frequency, By, of 2.5 (MHz) is found to be

and the condition for total number of coherent symbols, N, arriving within coher-

ence time window, 7., is such that

Ncoh TC < Teoh (314)
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Substituting the above calculated values for T, and 7., in (3.14)

Neon (400 x 1077) (Sample) <11 x 1073 (s) (3.15)
= Neon < 25000 (samples) (3.16)
= Neon < 16384 (samples) (3.17)
= Neon = 2™ (samples) (3.18)

which corresponds to a maximum PN sequence length, Ny,.., of 2'* bits or LRS
generator tap polynomials of no more than 14 bits wide. In summary, the shortest
PN code that can be utilized while maintaining multipath resolution capability is
approximately 2° bits and the longest code that can be used for while maintaining
data capture in the estimated coherence timing window is 2'* bits. However, it
should be noted that while these code length estimates indicate absolute minimum
and maximum values, they are still only theoretical as they do not take device speed
and memory limitations into account, among other factors, especially for the case of
the upper limit. For the select configuration in this thesis, the true upper limit in PN

sequence length was found to be 22 bits, which will be explained later in Section 3.3.

3.1.3 Spectrum Simulation and Analysis

As previously mentioned, this system is currently configured for RF operation
using the generously-loaned Bell Aliant 1900 (MHz) spectrum in the Personal Com-
munications Services (PCS) C2 block as per the band plan in SRSP-510 [9]. The
lower and upper subbands in this band plan are separated by 80 (MHz), and this
thesis uses the 1900-1905 (MHz) (lower) and 1980-1985 (MHz) (upper) subbands for
RF transmission. For all subsequently presented test results and calculations in this
thesis, the 1902.5 (MHz) (centre of lower subband) carrier was used as the main RF

link. Given that the modulator accepts both I and Q signals for baseband input, the
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Figure 3.1: 2-D Plane Analysis of Tx-Rx Multipath with Reflected Signal at 180 (m)
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I and Q signals were each chosen to be 2.5 (MHz), so as to have the spectrum limited
to either of the 5 (MHz) lower or upper subbands of the C2 block. In addition, further
analysis had to be conducted in order to find the maximum allowed transmit power
per subband in compliance with SRSP-510 and RSS-133. According to section 2.3
of RSS-133, bandwidth is measured as the width of the signal between two points
about the carrier, with one point above the carrier and one point below, such that
all signals outside those points are attenuated at least 20 (dB) below transmit power
(-20 dBc). In addition to this definition of bandwidth, out of block emissions also had
to be considered. As per section 6.5.1 (a) (i) in RSS-133, in the first 1 (MHz) bands
immediately outside and adjacent to the equipment’s operating frequency block, the
power of emissions per any 1 % of the emission bandwidth shall be attenuated be-
low the transmitter output power P (in Watts) by at least 43 + 10log,, P (dB).
MATLAB®simulation source code was developed for this analysis (see Section B.1),
and, given the above constraints in RSS-133, the maximum allowed transmitter out-
put power was found to be +17.53 (dBm). Given this finding, and that the Hittite
modulators were each outputting between 0 (dBm) and 1 (dBm) RF power for the
current setup, it was decided to use an amplifier on each RF output with a nomi-
nal gain of approximately 15 (dBm) at 1900 (MHz), which made the ZX60-6013E+

amplifier a very suitable choice for the purpose.

3.1.4 Transmit Amplifiers and Local Oscillator Distribution

At the modulator, the LO input power must be in the range + 6 (dBm). Using
regular RG-58 Belden cable to send the LO signal to a transmitter would result in
significant attenuation (see Table 3.2), and a very high power amplifier would have to
be used to adjust the LO power to the required input range. The cable used was the
Jefa Tech Low Loss 400 50 Ohm cable assembly, a close alternative to Belden LMR-

400, with only slight performance improvement over the Belden LMR~400 as indicated

25



in the Low Loss 400 data sheet [13]. Given that the system RF is 1902.5 (MHz) (or
1982.5 (MHz) for forward link), the nearest stated attenuation factors at 2000 (MHz)
were used in calculating the total attenuation along the 90-(m) cable runs in Table 3.2.

The Low Loss 400 is stated as having a total attenuation of approximately 18 dB, but

Table 3.2: Theoretical Coaxial Cable Attenuation

Cable Type Attenuation at 2 GHz | Total Attenuation
(dB/30 m) over 90 m(dB)
Belden RG58 U 24.95 74.85
Low Loss 400 5.97 17.91

this is loss due to cable only. Connector losses at splitter, bulkhead, and transmit
stations also contribute to total attenuation in signal as it propagates from source
generator output to modulator input. The total signal attenuation at 1902.5 MHz
was found to be 26.28 (dB) (see Section A.1 for specific test conditions and more
test frequencies). To overcome this attenuation, a pair of ZX60-6013E+ LNAs are
used after each split, each theoretically giving 15 (dB) amplification for a total of
30 (dB) per LO signal. Actual experiment showed the total amplification to be closer
to 28 (dB) per LO signal, a decrease in gain which may have been a result of the
second amplifier operating at compression, but the resulting distortion would not be
a significant issue for the LO signal so this occurrence is still acceptable. Now, with
28 (dB) of gain supplied by the amplifier pair and a source generator RF level setting
of +3 (dBm), the resulting received signal strength of approximately 1.7 (dBm) was
observed at the modulator input, thus achieving the required modulator input range
on £6 (dBm). Also, each amplifier requires a 12 (V) power supply. As each 12 (V)
power supply could support up to four amplifiers, two (2) power supplies were used
at the central processing station to power all four amplifier pairs in preference to

installing a power supply at each of four transmit stations.
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3.2 Receivers

In this section, the system frequency standard distribution is described in more
detail, the radio configuration is given, and the chosen baseband processing technique

is explained with the aid of mathematical analysis and graphical demonstrations.

3.2.1 Frequency Standard Distribution

In a MIMO system where the transmitters and receivers are decentralized,
there is need for what is known as pilot symbols [14, 15, 16]. These are reference
symbols which are transmitted with signal phase information and used by the receivers
to track the phase of incoming RF signals for use in successful demodulation, but at
the expense of decreased spectral efficiency due to the associated pilot transmission
overhead. However, since the intent was to implement the testbed as a centralised
communication system (single clock source common to all transmitters and receivers),
a high-stability frequency standard (less than 1 (ppm)) of 10 (MHz) was generated
from the Aeroflex signal generator and distributed in effort to make the frequency
standard common to all transmitters (FPGA 1/Q baseband data clock) and receivers
(AOR radio external frequency standard inputs). Figure 3.2 below demonstrates
the frequency standard distribution. The receivers are spaced 90 (m) apart to take
advantage of SWAP gain [5] [17]. However, this spacing means that the frequency
standard being generated from the signal generator must be split five ways to supply
the FPGA and four radios with clock signals. Supplying clock to the FPGA is simple
in that the signal generator and FPGA are close together inside the cabinet. However,
as the radios are each 90 (m) away, this means splitting that same clock signal four
more ways and sending it down each of four 90-(m) RG-58 coaxial cables, which causes
significant attenuation in the original signal. The previous developer had indeed found

that it was necessary to use an amplifier before splitting the clock signal for the radios.
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As a result, a Mini — Circuits® ZHL-6A 25 (dB) amplifier, with 24 (V) power supply,
was used in conj