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Abstract—A multiple-input multiple-output (MIMO)
frequency-domain channel measurement methodology is pre-
sented. This methodology can be implemented in any transmit/
receive hardware consisting of radio frequency modules and
baseband digital processing units. It involves the transmission
and reception of frequency and phase-optimized complex
exponentials through antenna arrays, followed by an offline
frequency estimation, which makes additional synchronization
circuitry unnecesary. To test the feasibility of this method, a series
of measurements is presented, employing a 4 X 4 dual-band
(2.4/5 GHz) MIMO test bed.

Index Terms—Estimation, frequency estimation, MIMO
systems, multipath channels, signal detection, signal processing,
spectral analysis.

I. INTRODUCTION

HE DEMAND for capacity in wireless communica-
tions has given rise to much research on multiple-input
multiple-output (MIMO) systems. The adoption of MIMO tech-
nologies for the air interface of new wireless communication
systems promises to meet the increasing data rate demands of
future applications. Since the pioneering work of Foschini and
Gans [1] and Telatar [2], multiple antennas have been used to
drastically improve the performance of wireless communica-
tion systems. This is particularly important in systems where
the capacity achieved with traditional techniques is limited due
to the adverse characteristics of the propagation environment.
The propagation scenario in a wireless communication sys-
tem is very complex, and the signal transmitted from an antenna
will reach the receiving antenna as multiple versions caused
by objects in the environment. These are received with differ-
ent time delays and are collectively referred to as multipath.
The characteristic of indoor multipath propagation [3] and its
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impact on the performance of MIMO systems have been of
continued interest, particularly for the design and evaluation of
MIMO wireless local area network (WLAN) systems. As an
example, different MIMO channel models have been produced
[4]-[7] for different environments. However, numerous MIMO
techniques have not been sufficiently tested under realistic
propagation conditions yet, and hence, their integration into real
applications still requires further experimental work. This fact
underlines the importance of developing methods to understand
and characterize the wireless channel.

MIMO channel sounding techniques [8] can be classified in
accordance with two criteria: the excitation signals that deter-
mine the characterization domain (time or frequency) and the
multiplexing technique that allows for transmitter antenna iden-
tification. Different kinds of measurement signals can be used
for channel sounding, and these signals can be categorized by
pulse-shaped or continuous-wave (CW) signals and by narrow-
band or wideband signals. Regarding the transmit antenna
identification, there exist three multiplexing techniques [9]:
time-division multiplexing (TDM), frequency-division multi-
plexing (FDM), and code-division multiplexing (CDM). The
choice of which multiplexing technique is used is partially
constrained by the feasibility of constructing the hardware, as
well as the desired resolution of the channel measurements.

Our interest centers on measuring the MIMO channels in the
frequency domain. For this purpose, a methodology has been
designed involving the transmission of a set of frequency and
phase-optimized complex exponentials within the bandwidth
of interest, the subsequent acquisition through the receive an-
tennas, and the offline execution of frequency estimation algo-
rithms. In the final stage, the amplitude, phase, and frequency
of the received exponentials are estimated by means of a high-
accuracy nonparametric frequency estimation method based on
the fast Fourier transform (FFT), which is referred to as the
iterative weighted phase averager (IWPA) [10] algorithm. The
use of this algorithm avoids the need of additional circuitry
or cables to synchronize the transmitter and receiver setup.
Moreover, the methodology does not require the real-time
signal processing provided by field-programmable gate arrays
(FPGAs) or digital signal processors. These simplifications do
not avoid a thorough calibration at both the transmitter and
receiver sides.

To perform the MIMO channel measurements, there exists
dedicated hardware, such as channel sounders [11]-[13] or
vector network analyzers [14], [15]. The proposed channel char-
acterization methodology, however, can be implemented in any
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transmit/receive hardware consisting of radio frequency (RF)
modules and baseband (BB) digital processing units (DPUs),
thus providing great flexibility. A dual-band (2.4/5 GHz)
MIMO test bed has been used in order to perform the channel
measurements. These test beds [16]-[18] allow wireless trans-
missions, online processing (FPGA), and data storage.

This paper is organized as follows. An introduction and back-
ground on channel sounding is briefly presented in Section II.
The main features of the developed methodology are explained
in Section III, including the generation of the complex ex-
ponentials at the transmitter along with a brief review of the
estimation algorithm (see Section III-A2) implemented at the
receiver. Section IV presents the 4 x 4 flexible MIMO test bed
used to test the methodology and to carry out the measurements.
In Section V, the indoor propagation scenario is described, and
the experimental results are presented. Finally, the obtained
conclusions are put forward in Section VL.

II. BACKGROUND ON RADIO CHANNEL SOUNDING

Channel sounders provide the temporal and spatial character-
istics of the MIMO channel with an accuracy and a resolution
that are high enough to befit the design purpose. This is com-
pletely determined by channel sounding features, such as the
excitation signals to be considered (see Section II-A) and the
multiplexing strategies to be implemented (see Section II-B).

A. Excitation Signals

The excitation signal choice is a key aspect in channel
sounding since it determines the following signal processing to
be applied and has implications on the hardware.

The first sounding experiments have been carried out by
using single-tone CW signals. This was sufficient as long as
only the narrow-band channel behavior was of interest. In order
to achieve a high delay resolution, sequential sounding [19] at a
number of different frequencies was developed. Its drawback is
the resulting huge measurement time, which is not suitable for
high-mobility measurements.

The pulse compression approach is well known from the
spread spectrum technology and makes these signals very
useful for the real-time identification of time-delay systems
since all frequencies are instantaneously excited and a consid-
erable SNR processing gain is achieved in the time domain
by correlation. Examples of these excitation signals are the
periodic pseudorandom binary signals (PRBSs) [20] or the
pseudorandom noise signals [12], [21]. They can be generated
easily, and they serve as broadband excitation signals. This
is applied in the classical swept time-delay cross-correlation
sounder implementation [22]. The disadvantage of this princi-
ple, working sequentially, is again the long measurement time
which prohibits real-time operations. Pulse compression using
the chirp technique [23]-[25] has proven to be a powerful
method for measuring the channel response since it avoids
transmitter peak power limitations and offers excellent interfer-
ence rejection capabilities. In general, the application of chirp
signals for mobile radio channel characterization has always
been limited by the capabilities of modern digital technology.

Finally, a flexible concept of excitation signals for measur-
ing the channel frequency response includes multifrequency
signals [9], [26]-[28]. This approach is well known from the
frequency-domain system identification in measurement engi-
neering. The advantage of this kind of signals is that the channel
frequency response can be measured at desired frequencies.
These signals present high peak-to-average power ratio (PAPR)
levels which can be reduced by numerical optimization. The
difference, in comparison to the PRBS, is that the phases and
magnitudes of the Fourier coefficients can be arbitrarily chosen
in order to optimize the system performance.

B. Multiplexing Techniques

The resolution and capability of a channel sounder are
determined by the choice of the hardware architecture and
multiplexing strategy. There are three multiplexing schemes for
MIMO channel sounders: TDM, CDM, and FDM.

The aim of the MIMO sequential channel sounding (TDM)
is to distinguish the transmit antennas as well as to reduce
the complexity and the cost. Multiple sequentially switched
antenna arrays at both ends, denoted as fully switched systems
[12], [28], make use of a multiplexing unit that is used to
step a single RF chain through all transmit/receive antenna
elements sequentially in time. In a semiswitched system [21],
[25], [29], the receivers operate in parallel, whereas a switching
scheme is implemented at the transmitter. The use of parallel
receive channels allows the high-resolution measurements of
the radio environment without further reducing the effective
sampling rate of the channel. This scheme is not suitable for
real-time channel measurement and has some major drawbacks,
such as the requirement of precise synchronization between
the transmitter and the receiver and accuracy reduction during
switching time.

Switching can be avoided using parallel transmitters and
parallel receivers [30]. Clearly, the more elements that are used,
the greater the requirement for using parallelism within the
system. Moreover, the snapshot time (i.e., the time over all
temporal multiplexed channels) is significantly reduced if we
compare with a fully switched scheme. This approach supports
FDM and CDM, each with different advantages/drawbacks.
With the FDM, a subset of the spanned frequencies is assigned
to each antenna; thus, they do not all characterize the channel
at exactly the same frequencies. The CDM will give excellent
discrimination between antenna elements, provided that a low
correlation between the codes is maintained within the channel
being sounded. Unfortunately, as the channel is a multipath one,
the cross correlation between the codes at nonzero delays is
important.

III. PROPOSED METHODOLOGY

The proposed methodology has been divided into two
different parts. The first one involves measuring single-
input multiple-output (SIMO) channels, which is presented in
Section III-A. It comprises the generation of the excita-
tion signals as well as the offline estimation technique.
The second one extends the method to a MIMO scheme,
and it is summarized in Section III-B by implementing a
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switching-in-time transmission that allows transmitter identifi-
cation at the receiver side.

The proposed methodology, presented in a general way, can
be implemented in any transmit/receive hardware consisting of
RF modules and BB DPUs.

A. SIMO Channel Measurement Procedure

To measure SIMO channels, first, it is necessary to generate
a robust signal with the objective of mitigating common issues,
such as local oscillator (LO) leakage, inphase and quadrature
(IQ) imbalance, and frequency offset. The signal generation and
its optimization are presented in Section III-A 1. After that, the
received signal is stored and processed at the receiver, applying
the algorithm described in Section III-A2. This algorithm is
a high-accuracy estimation technique of the frequency, ampli-
tude, and phase, based on the FFT denoted as the IWPA [10].

1) Signal Generation at the Transmitter Side: Among the
feasible excitation signals to transmit in order to carry out the
frequency channel estimation, multifrequency probing signals
have been chosen due to their spectral flexibility. The following
lines describe the signal design in detail as well as the necessary
steps to choose the right excitation parameters, focusing on the
minimization of hardware effects.

Defining s[n] as a discrete signal of samples with length N
which consists of M complex exponentials placed at certain
equally spaced frequencies f;

M
s[n] :ZAiej(‘”'i"+¢i) n=20,...,N (1
i=1

where ¢; denotes the chosen phases in order to solve the PAPR
issue (see Section III-Alb), A; denotes the resulting ampli-
tudes obtained in the calibration process (see Section III-Alc),
and w; denotes the frequencies of the discrete-time complex
exponentials

o — 27Tfl‘
[3 fs

where f; is the sampling frequency.

On the other hand, the frequency-domain representation of
s[n], i.e., the output of the Nppr-point discrete Fourier trans-
form (DFT), can be written as

2)

Nerr 4
g .

~ Nepr

S[k]=A[k]e’?™ k= 5

3)

Regarding the methodology proposed in this paper, whose
processing is based on the DFT and is intended to be performed
over a large variety of devices, we impose several constraints.

Constraint 1: The exponentials’ frequencies must be lined
up with DFT sampling, i.e., k; = (w; Nppr/27), in order to
make them orthogonal. That is

Al ifk =k
k — ? I 7
Stk {0, otherwise.

“)

Constraint 2: To ensure an equispaced channel excitation,
the same separation among exponentials Aw,; = constant is

chosen. In terms of used DFT bin spacing Ak;, this can be
summarized as
Vi. (5)

Ak; = constant,

Constraint 3: In order to avoid the presence of the LO
leakage, we impose that
S10] = 0. (6)
Constraint 4: Finally, the phase and amplitude imbalances
existing in the IQ modulator aside from the IQ branch imbal-
ances introduced by filtering, amplifications, and D/A and A/D
conversions are considered as an effect called the IQ imbal-
ance. It can be characterized by two parameters: the amplitude
imbalance (AG) between the I and Q branches and the phase
orthogonality mismatch (AP). We denote s'[n] as the signal
s[n] when it is affected by IQ imbalance, which can be written
[31] as

s'[n] = as[n] + jBs*[n] (7
where * denotes the complex conjugate
a=cosAP + jAGsin AP ()
6 =AGcos AP — jsin AP. )
Thus, the IQ imbalance frequency-domain effect
S'[k] = aS[k] + jBS"[—kK] (10)

consists in a mirror frequency regrowth, producing crosstalk
between symmetrical exponential pairs (regarding the LO fre-
quency). A simple solution in order to avoid this issue is shifting
the whole spectrum one DFT bin around the RF in such a
way that

S[k] #£ 0 < S[—k] = 0. (11)
It is obvious that, according to Constraints 14, the sepa-

ration between the used DFT bins must be an integer value
fulfilling

i 12)

ake [5, =2,

Furthermore, these constraints and other parameters, such as
the desired bandwidth to be measured BW and the frequency
resolution Af, determine the number of exponentials M
and frequencies f; to be chosen. The procedure, which has
been developed to obtain these parameters, is presented in
Section III-Ala. As a drawback, this kind of multifrequency
signals also leads to a large PAPR, so aiming at its reduction, the
search of the optimal phases ¢; is performed by an algorithm
described in Section III-A1b. The amplitudes of the resulting
exponentials A; must be calibrated (see Section III-Alc) to get
a flat frequency response.

a) Calculation of the number of exponentials (M) and
Sfrequencies (f;): Two key design parameters of a frequency-
domain channel measurement system are the bandwidth of
interest B and the frequency resolution Af. Furthermore,
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Input: BW, Af, fs, Nrpr
Output: M, {f;}

BW
M= |——+
Af
Nrppr
Ak/'min = 37 Akmaz M
, Ak
Ak = arg min fs—Af
Akppin <AE<Akp oy | {YFFT
M M
for i = — | — —=—1
or ¢ 5 to 5 do
ki =1+ AK
PR
' ' Nrrr
end

Algorithm 1: Developed procedure to obtain the number of exponentials M
and their frequencies f;.

other common limitations that come up from the hardware
include a predefined set of sampling frequencies f; and a
limited processing power (i.e., the maximum affordable length
of the DFT) Ngpr.

Subsequently, Algorithm 1, which calculates M and f; by
considering BW, Af, fs, and Ngpr as input parameters, is
described. This algorithm strictly fulfills the hard constraints
imposed in Section III-A1 while trying to fit the soft constraints
pointed out as input parameters.

b) Phase (¢;) calculation: The choice of the proper sig-
nal phases tries to avoid an inefficient use of the dynamic range
of the electronic devices due to a high PAPR. The power peaks
derived from the phase alignments may cause nonlinear effects,
giving rise to intermodulation products that can distort other
exponentials. Low PAPR signals are distinguished by a flat
time-domain envelope.

This phase optimization has been carried out by modifying a
minimization algorithm [32] that relies on a mixture of clipping
and phasing strategies. The goal of this modification is to
simultaneously minimize the crest factor (the square root of the
PAPR) of the s[n| real and imaginary parts.

Therefore, considering the discrete signal s[n] = sr[n] +
jsg[n] of length N and denoting the peak-to-peak amplitude
of the real and imaginary parts as sy and sq,_, respectively,
we have the following definitions for the real and imaginary
crest factors:

8Qup/2

1 N-1
2[5 solnl?

n=0
(13)

Several closed-form expressions have been proposed to ob-
tain the suboptimal phases for multifrequency signals. Newman
phases [33] will serve as the starting point on our phase opti-
mization procedure, which is depicted in Fig. 1. The assigned

START

Newman Phases {}

Build time-domain signal
using Ajand @;

b
Calculate the
phases ®; (DFT)

Clipped signal
(S1c* Isqc)
Crest Factor CLIPPING
Calculation (Sic» SQc)

K = Kend
Kraq < Kend

STOP

Fig. 1. Block diagram of the crest factor calculation.
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Fig. 2. Comparison of the transmitted signal before and after crest factor
correction.

phases to the 7th complex exponential (for both real and imagi-
nary parts) are

(i—1)°

1<t < M.
M ST

¢i=m- (14)

First, the time-domain signal s[n] is built with the initial
amplitudes and the Newman phases. Then, the crest factor
calculation is performed. The real (s;) and imaginary (sq)
components are clipped (s7, and sqg_, respectively) in the time
domain to cut off the peaks. Subsequently, they are combined,
and the DFT is performed to obtain the new phases ¢;. This
procedure is cyclically repeated until both the real and imagi-
nary crest factors are lower than a threshold (K,, < K¢nq and
K, < Kena). With a few iterations, a quasi-optimal solution
(a multifrequency signal with a constant envelope around /M)
is obtained for signals with the same amplitude. This fact is
noticeable in Fig. 2.
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¢) Amplitude (A;) calculation: To separate the actual
channel response from the circuitry effects, a back-to-back
system calibration procedure must be performed by means of
a cable connecting in pairs every transmit-and-receive antenna.
This aims at ensuring that the transmitter and receiver fre-
quency responses, as well as the power amplifier nonlinearities,
are removed from the measured data. As a result, a set of M
amplitude coefficients A; is obtained, being applied to each
exponential in order to compensate for the circuitry response.

It must be noticed that modifying the amplitude of the
exponential affects the PAPR optimization performed in
Section III-A1B. Therefore, it can be necessary to iteratively
recalculate the optimal phases and amplitudes if optimal results
are desired.

2) Signal Processing at the Receiver Side (IWPA): Since we
do not intend to perform a physical synchronization by means
of cables or additional hardware, the signal processing at the
receiver side must handle this issue in order to ensure a proper
synchronization. An algorithm able to deal with this problem
has been used.

This algorithm, denoted as the IWPA [10], is a high-accuracy
nonparametric frequency estimation method based on the FFT.
It is able to provide accurate frequency estimates even when
the signals are not well separated in frequency (even with less
than 1/T, where T is the observation time of the signal). It
has been modified in order to deal with complex exponentials
instead of sinusoids. This method is able to reduce both the
short- and long-range spectral leakage. The received signals can
be expressed as

N
rin) = 37 A - (@) ). (15)
=1

First, the FFT is performed to obtain the spectrum. The
frequency of the received complex exponential fl’ is estimated
as the frequency corresponding to the largest FFT output coef-
ficient magnitude (coarse estimation) and a frequency interpo-
lation of these results (fine estimation). Then, a new complex
exponential v[n] is generated

uln] = e (16)
where &) = 2/ f,. By means of the matched filter
R Nppr
h A7)

1 *
=5 2 vl

the amplitude A’ = |h| and the phase ¢, = arg(h) are esti-
mated. Once an exponential is detected, its contribution is
subtracted from the initial spectrum, and the procedure starts
again. A key point of the IWPA method is that, each time a new
frequency is estimated, all previously computed frequencies,
amplitudes, and phases are reestimated.

From the quotient among the estimated amplitudes A’i and
the transmitted ones A;, the frequency response of the channel
H(f) is estimated. It is important to notice the advantages that
this frequency estimation offers when dealing with frequency
offsets. These issues are derived from a LO mismatch between

the transmitter and the receiver. The IWPA, since it is able
to detect the higher received peaks, is able to correctly detect
exponentials as well as to calculate the frequency offset.

B. Extension to MIMO Channels

Once the SIMO channel is characterized, the next step in-
volves dealing with a MIMO scheme. This issue can be solved
by multiplexing the transmissions along with developing a
transmitter identification technique.

1) Multiplexing Technique: This procedure is based on the
idea of sequential sounding, following a semiswitched strategy.
An orthogonal transmission must be carried out in order to
identify each transmit antenna at the receiver nodes. Regarding
this issue, two schemes have been studied: a frequency-
orthogonal transmission technique and a time-orthogonal trans-
mission technique [15]. The former involves that each transmit
antenna uses its own orthogonal set of frequencies to transmit
the probe signal. The latter alternates the transmission of s[n]
and zeros in order to produce orthogonal transmissions in time.
The time-orthogonal alternative has been finally developed due
to its simplicity.

2) Transmitter Identification: Considering np as the num-
ber of transmit antennas, the strategy carried out to identify each
one is based on prepending np small guard intervals 7, before
each antenna transmission, being the last one 7; > ;.

At the receiver, we must ensure the presence of nr complete
data blocks in the received signal r[n]. The energy signal e[n]
is built from the sum of the energy of each received signal r,[n]
by the np receive antennas

eln] =Y |ra[n]*. (18)

To detect the energy, the signal e[n] is fed into a moving-
average filter of L,, equal coefficients

1, 0<n<L,—1
em[n]=e[n] x hyy[n]  where  h,, = { 0. otherwise.
(19)

We can now locate the center of the largest guard interval
by correlating the energy with a pulse of length 7;. Once we
have identified it, by knowing the transmission order, we can
correctly label the transmissions.

IV. DESCRIPTION OF THE 4 x 4 MIMO PLATFORM

A typical MIMO test bed includes a transmitter node and
a receiver node, each including multiple antennas connected to
an analog front end (AFE) which performs the up/down conver-
sion to the BB or intermediate frequency. These platforms and
test beds are essential tools to assess, in realistic scenarios, the
performance of MIMO systems and algorithms. Moreover, they
support real-time transmissions over the air and thus allow for
experimenting with true physical channels. Setting up a test bed
requires considerable effort, but in many cases, this may still
be more economical than, e.g., buying an extremely expensive
and less flexible channel sounder which is just intended for
measuring.
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Fig. 3. Two nodes of the 4 x 4 MIMO test bed.
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Fig. 4. Block diagram of the 4 x 4 MIMO test bed. (Left) Transmitter node only using DAC board. (Right) Receiver node only using ADC board.

In Fig. 3, we show our dual-band (2.4/5 GHz) MIMO test bed
that is capable of targeting both the 2.4- and 5-GHz industrial,
scientific, and medical (ISM) bands, being able to transmit and
receive complex BB data samples on up to 4 x 4 antennas.
It is intended for wideband applications, such as orthogonal
frequency-division multiplexing (OFDM), supporting up to a
40-MHz channel bandwidth. Based on the modules by Lyrtech
Inc. [34], it consists of two nodes, each one including a PC,
a digital-to-analog converter (DAC) board, an analog-to-digital
converter (ADC) board, and an AFE. Fig. 4 shows the test-bed
block diagram, including the suitable transmitter and receiver
setup for performing the measurements.

This testing equipment makes use of FPGA technology for
the fast processing of the BB signals. The FPGA in the transmit
side is interfaced with a DAC board made up of eight 14-b DACs.
The FPGA at the receiver is interfaced with an ADC board
made up of eight 14-b ADCs. This real-time signal processing
technology is not needed in order to implement this channel
characterization methodology. The test bed is able to sample
simultaneously eight channels at 26 megasamples per second.

The AFE consists of four independent receive/transmit chan-
nels with an output power of 25 dBm at the 1-dB compres-
sion point. It is entirely based on the MAX2829 single-chip
RF transceiver [35], which has been designed specifically for
OFDM 802.11 WLAN applications. The MAX2829 integrates
all the circuitry required to implement the RF transceiver

function, providing fully integrated receive path, transmit path,
voltage-controlled oscillator, frequency synthesizer, and base-
band/control serial interface. The AFE is also equipped with
four dual-band SkyCross printed antennas [36]. These are suit-
able for 802.11b/g (from 2.4 to 2.5 GHz) and 802.11a (from
4.9 to 5.85 GHz) applications. They have linear polarization,
and the pattern is omnidirectional.

The remote control software based on Web services has been
developed in order to handle the test bed [37]. This remote con-
trol offers an interface to access all basic functionalities, such
as programming the FPGA, adjusting the Transmit/Receive
(Tx/Rx) gains, sampling frequencies, etc., and can be accessed
and tested through the link http://www.gtas.dicom.unican.es/
testbed/ as well as the proposed MIMO channel characteriza-
tion software.

V. MEASUREMENTS

Once we have described the methodology (see Section III)
and the hardware in which it has been implemented (see
Section IV), the first step regarding the measurements leads us
to calibrate the complete system as well as validate its proper
behavior (see Section V-A). Subsequently, in order to illus-
trate the proposed methodology performance, a measurement
campaign has been performed in an indoor environment (see
Section V-C). The MIMO channel frequency response H (f) is
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TABLE

I

COMPARISON OF CHANNEL SOUNDERS: THE ONE THAT WE ARE PROPOSING IN THIS PAPER (GTAS), THE ONE DEVELOPED AT HELSINKI

UNIVERSITY OF TECHNOLOGY (HUT), THE MEDAV RUSK, AND THE ONE DEVELOPED AT DURHAM UNIVERSITY (DURHAM)

833

GTAS HUT MEDAV RUSK Durham
RF Frequency (GHz) 24,5 2.145,53 1.8-2.5, 5-6 1.9, 2.1
Maximum antenna matrix (ng X np) 4x4 32x32 8x8 8x8
Multiplexing scheme Semi-switched | Fully-switched | Fully-switched Semi-switched
Excitation signal Multitone CW PRNS Multitone CW | Chirp waveform
Synchronization Not needed Rubidium Rubidium Rubidium
SISO channel measurement time, Tq7g0 (148) 24.6 8.5 6.4 78
Doppler bandwidth (Hz)! 10163 115 2441 1602
Max. scatterers velocity (Km/h) 45 57.9 60 56.84
Bandwidth (MHz) 20 100 120 300
Time delay resolution (ns) 50 10 8.3 3.33
obtained, and the wideband parameters are extracted. A quasi- 12 —— ; ; ;
static channel is assumed such that it remains approximately o wpPA|l : 5 5 : :
time invariant within each transmission. 1o (P

For performing all these measurements, we have consid-
ered a 5.33-GHz carrier frequency and a bandwidth BW =
20 MHz. The frequency separation between two consecutive
exponentials is Af ~ 1 MHz, and we consider a sampling
frequency fs = 26 MHz and an Ngppr = 128 DFT points. In
fact, the procedure described in Section III-A1l outputs M =
20 exponentials which are separated by Af’ = 1.015 MHz.
That means that the covered bandwidth extends from —9.95 to
9.34 MHz around the carrier frequency.

[ee]
T
L

O@timal ope:ration range

‘-
<

Uncertainty (dB)
[}

Moreover, a performance comparison between different & |
channel sounders and the one that we are referring to is sum- : ; :
marized in Table I. This table presents a comparison between O—3s—25 85 6 75 8 95
the channel sounding system proposed in this paper and the Attenuation (dB)
other current approaches for measuring the MIMO channel. As » i o

Fig. 5. Precision and operating range of the estimation methods used at the

can be expected, these sounders outperfom ours by achieving a
higher measured bandwidth (a better time resolution), a better
frequency resolution, and a higher storage capacity. However,
the use of a MIMO test bed to implement the proposed method-
ology involves a cheaper solution aside from reducing the
complexity since synchronization between nodes is not needed.

A. System Validation

Prior to the measurements, a back-to-back calibration has
been carried out in order to compensate the Tx/Rx frequency
responses of the test bed AFE and BB chains. Each Tx/Rx
antenna combination has been connected by means of a cable
and a 35-dB attenuator. This represents the minimum allowable
value for avoiding receiver saturation. In a free-space environ-
ment (according to the Friis formula, the loss exponent is equal
to two), it represents about 25 cm.

We have considered an attenuation of 35 dB as the mean
value returned by 1000 executions of the IWPA algorithm
when transmitting a power of —7 dBm. The 95% bootstrap
confidence interval for that mean is 0.37 dB. Regarding the FFT
algorithm, these values were 36.71 and 0.74 dB, respectively.
The linear estimated amplitude of the data is assumed to be
Gaussian distributed.

receiver: FFT and IWPA.

These results have been carried out when the transmitter and
the receiver are placed 1, 5, and 10 m apart. Since the same
precision has been obtained for the considered distances, we
can state that the power reaching the receiver due to spurious
radiation does not dominate over the power transmitted through
the cable.

1) Precision: To evaluate the system precision, we have
varied the attenuation from 35 to 105 dB (in steps of 10 dB),
emulating different distances between the transmitter and the
receiver (from 25 cm to 800 m). This experiment allows to
compare the precision of both algorithms (FFT and ITWPA)
under different SNR conditions. Moreover, this evaluation is
useful for determining their optimal operating ranges. The
experiment results are depicted in Fig. 5.

As can be seen, uncertainty noticeably grows up beyond
75 dB (equivalent to 25 m of separation). That means that the
optimal operation range covers from 35 to 75 dB of attenuation.
Increasing the transmitted power shifts both curves to the right,
which means that the operating range enlarges the same quan-
tity (e.g., an additional 16 dB, from 35 to 91 dB, can be obtained
by changing the transmitted power from —7 to 9.6 dBm). In
summary, the overall range in meters varies from 0.25 to 250.
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Fig. 6. Comparison of the Sa; parameter using our technique and the results
from the PNA.

Fig. 5 also justifies the use of the IWPA since it outperforms
the FFT in terms of uncertainty within the optimal operation
range.

2) Accuracy: In order to show how realistic the results are,
we have measured a passive filter (one example of a wired
single-input single-output (SISO) channel). We have compared
our results with those obtained by an Agilent N3383A program-
mable network analyzer (PNA) with a frequency range from
300 kHz to 9 GHz.

Since the PNA has been thoroughly calibrated, we consider
its results as a reference. We have chosen a 20-MHz representa-
tive window of the So; filter parameter (forward transmission).
This window is centered at frr = 5.328 GHz. Subsequently,
at the same RF, we have measured the filter response with our
system.

Both measurements are depicted in Fig. 6, and the obtained
results show that the proposed measurement system accurately
reflects the reality. Since the measurement systems were cali-
brated, the vertical axis represents the attenuation (in decibels)
introduced by the filter.

B. Description of Measurement Scenarios

Fig. 7 shows the layout of the measurement site in the
laboratory of the Advanced Signal Processing Group (GTAS)
at the University of Cantabria. The laboratory is furnished with
office equipment: tables, PCs, and seats. To obtain the wideband
MIMO channel parameters, we conducted a series of measure-
ments according to the transmit and receive node locations.
Three scenarios are analyzed, keeping fixed the receiver (RX in
Fig. 7). The transmitter in the first experiment (TX 1 in Fig. 7)
is placed 3.5 m away from the receiver, with a clear line of sight
(LOS) between them. In the second experiment, the transmitter
(TX 2 in Fig. 7) was located further away from the receiver
(=12 m), avoiding a clear LOS. In the third experiment, the
transmitter (TX 3 in Fig. 7) was not placed in the laboratory
but in the middle of the corridor. The transmitted power ranges
from —7 to 9.6 dBm, depending on the transmitter location.

Two different environments have been considered, depending
on the mobility. In a low-mobility environment, the transmitter
is kept fixed at each location during each experiment. In the
second environment, the measures are taken by moving the
transmitter within a small local area (e.g., 900 cm?) among
the experiments, but the transmitter is kept still during the
experiments so that no Doppler effect exists due to movement.
This is usually referred to as a nomadic scenario, whose aim
is to obtain a statistical analysis by averaging the obtained
measures in space.

C. Experimental Results

A series of measurements has been carried out considering
the three transmitter locations and the different mobility envi-
ronments. These measurements have been performed, making
use of a MATLAB GUI tool, which has also been developed to
easily collect the data.

Fig. 8 represents the transmission diagram of our semi-
switched system for a 4 x 4 configuration. The signal s[n]
transmitted with transmit antenna 1 is denoted as si[n], as
$2[n] with transmit antenna 2, and so on. Since we use paral-
lel receivers, the time that a SISO measurement takes Tsrso
matches up with the time for estimating a SIMO channel
Tsivo- The time required for a MIMO measurement is denoted
as Tynapshot- The spaces among transmissions that allow for
transmitter identification are denoted as 7 and 7.

Bearing in mind that a cyclic transmission is carried out, this
tool allows the user to set the time between measurements (or
channel snapshots) Ti,eas as well as the number of measure-
ments. Concretely, our system allows MIMO channel snap-
shots to be estimated consecutively, i.e., Tincas = Tsnapshots
or introduces “no transmission” gaps among snapshots Tgjeep,
which means that the time between the measurements will be
Tneas = Tsnapshot + Tsleep-

Low-mobility measurements have been performed to study
the time variability of the channel at the different transmitter
node locations. As an example, the MIMO channel frequency
response at position 1 is depicted in Fig. 9, considering that
Tineas = 100 ms and Tgieep ~ Tineas — 17 - Tsiso = 100 ms —
4-24.6 ps =99.9 ms; hence, the 11 curves represent each
SISO channel. These 11 curves are almost perfectly over-
lapping and cannot be individually resolved in the presented
graphs.

1) Wideband Parameter Estimation: Let us consider a no-
madic environment in order to obtain wideband parameters:
coherence bandwidth B, and delay spread o,. The three trans-
mitter locations are considered to make the wideband para-
meter comparisons by varying certain parameters, such as the
transmitting and receiving node separation, object reflections,
LOS/non-LOS conditions, etc.

In a general manner, from H(f), we can obtain the normal-
ized autocorrelation function Ry as

Ru(f, f+Af) = E[H (NH(f + Af)l = Ru(Af). (20)

Then, from Ry, we can graphically obtain B, as depicted in
Fig. 10, considering the fact that B, is equal to the frequency
difference where the normalized autocorrelation value is 0.5.
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Fig. 7. Node locations of the different experiments conducted at the laboratory of the GTAS.
Ts Ts Ts T Ts
Ll
Tx antenna 1 Tx antenna 2 Tx antenna 3 Tx antenna 4
S,[n] S.[n] S,[n] S,[n) Sin] | -
L.
Rx antenna 110 4 Rx antenna 1 to 4 Rx antenna 1 to 4 Rx antenna 1 to 4 =
< »
Tsiso=Tsmmio
»<
Tsnapshot Tsleep
Tmeas: snapshot+Tsleep
Fig. 8. Time diagram representing the transmission/reception scheme for our 4 X 4 antenna configuration.

The rule of thumb to obtain the rms delay spread in this case is
given by [38]

02
-5

Or
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In Table II, a summary of the obtained wideband parameters
in a nomadic environment is shown. The coherence bandwidth
and delay spreads have been obtained by averaging the results
of up to 1000 snapshots and all the 16 SISO channels. As was

expected and according to these averaged results, the coherence
bandwidth was observed to decrease as the transmitter moves
away with respect to the receiver. However, the decrease trend
is not monotonic since the coherence bandwidth is highly
fluctuating due to the multipath.

VI. CONCLUSION

In this paper, the design and implementation of a flexible
broadband MIMO channel measurement methodology have



836 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 60, NO. 3, MARCH 2011

Transmitter 1
B0 [paunsazsenasas pensssessvLtae, sesnentispssey pomesnr sy :

o] — EA— — S

(0] ST

80 ‘.7_7-:;;‘.!.3..'.'!"7::‘;: .
Fiie P
90

100

Attenuation (dB)

5320 5325 5330 5335 5339
Frequency (GHz)

Transmitter 3
60
70
80

90

Attenuation (dB)

100

5320 5325 5330 5335 5339
Frequency (GHz)

Attenuation (dB)

Attenuation (dB)

Transmitter 2

50
60
70k
80
90
100

5320 5305 5330 5335 5339
Frequency (GHz)

Transmitter 4

kb .
80 prrssecrs e T i
w @t . >

90}
100

5325 5330 5335 5339
Frequency (GHz)

5.320

Fig. 9. MIMO channel frequency response measured at position 1 in a low-mobility environment. The 11 curves for each SISO channel are represented.
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Fig. 10. Example of coherence bandwidth calculation from the normalized
autocorrelation function for different channels. (i) Non-frequency-selective
channel. (ii) Intermediate channel. (iii) Frequency-selective channel.

TABLE 11
WIDEBAND PARAMETERS

Transmitter Position | Coherence bandwidth (MHz) | Delay spread (ns)

TX1 9.185 22.736
TX2 8.275 26.207
TX3 7.796 28.165

been presented. Unlike other channel characterization systems,
it is able to be implemented in any transmit/receive hardware
without needing either additional synchronization circuitry or
real-time processing. The methodology has been implemented
over a 4 x 4 dual-band (2.4/5 GHz) MIMO test bed. Obtained
measures and wideband parameters in several locations are

shown and analyzed. The resulting MIMO channel matrices can
be stored and used in link-level simulations of communications
systems in order to obtain results that are representative of real-
world situations.
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