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Abstract—Temporal and spatial correlation are inherent mo- and measurement results is also included. Finally, Sedtion
bile wireless channel characteristics that determine mulple- s devoted to the concluding remarks.
input multiple-output (MIMO) systems performance. Wireless

test beds, which are developed to assess MIMO techniques I1. MISO SPATIAL EMULATION

under these realistic conditions, are usually placed in indor

laboratories where wireless channels are intrinsically qasi-static. A multiple-input single-output (MISO) system withr
In this paper we propose a methodology for emulating multipe- transmit antennas and one receive antenng, = 1, is

DU 1l SUpL 150 el e s e considered. Leb = [Ty | epreents th chamel
basvgd on timF:e-\;arying bealmforming, aIIIov:/ ué tolevaluate Miqé/) response, wherg; is the Com.plex channel gain from thth
techniques in controlled channel conditions. Moreover, ihas been  transmit antenna to tThe receive antenna, assumed known and
implemented and tested over a commercial MIMO test bed. time invariant, and-)" denotes transpose. A spatial-domain
MISO beamforming scheme is depicted in Fig. 1. The transmit
signals,s = [s; s2 ... s,,|7, are multiplied by a transmit
Spatial fading correlation is a crucial issue for practicaleight vector denoted as = (w1 wy ... wy,]T (weCnT).
multiple-input multiple-output (MIMO) wireless commuri€ |n absence of noise, the output signal at the receiyecan
tion systems [1]. Both the link capacity and the performasfce be expressed as
MIMO techniques are greatly affected by channels cormtati
characteristics [2]. y = s"diag (w) h, (1)
MIMO test beds [3], [4], allow system tests and evaluations
which are less expensive than field trials. However, realist Wherediag (w) denotes the diagonal matrix with diagonal
channel conditions are difficult to reproduce in low-mdili terms equal to the elements in the vector The MISO
indoor scenarios where the test beds are usually placed. Meguivalent channeh., will be
surements corroborate that, in indoor sites with the atesenc
of motion within the environment, the channel response is h, = diag(w)h. (2)
time-invariant [5]. Wireless fading channel emulators [&],
[8] provide much more flexibility and reproduce accurate ... ...
properties of actual propagation environments. : w, a
In this paper we propose a method, based on time-varyings : T,
beamforming, to emulate narrowband multiple-input single__"* o
output (MISO) channels with any fading distribution as well w h, A
as any spatial correlation characteristics. It allows usking : 2 R :
under controlled and repeatable conditions that would not Sz ) A v | :
. . . . O nT .- : Y
normally be possible in actual field testings. The methogiplo : :
can be seen as an emulation of a block fading channel where ‘ : ‘
the weights change from block to block, being fixed within s :
a certain block. The method has been assessed for different”” o
channel distributions and spatial correlation matrices. :
The remainder of the paper is organized as follows: Section :
Il presents the proposed method for MISO channel emulation. ) WnT
The following steps towards its implementation on a certain Tt
equipment and the associated design issues are summarized i Fig. 1. MISO channel with complex weights at the transmitter
Section Ill. Section IV presents the validation of the metho
by simulation results and from measurements making use of arhe spatial correlation matrix of the equivalent channel ca
commercial wireless test bed. A comparison among simulatibe expressed as

|. INTRODUCTION
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whereF [-] is the expectation operator. Let suppose thatw | [ ——— . f
desire to emulate a MISO channel with the following comple

spatial correlation matrix

Fig. 2. MISO implementation scheme.

{1 Ty s TTan
RO _ TS THy .. Ty @
L ' Basically, in terms of implementation, we add a new block
T AT e T calledWeighting Block to the existing BB processor, allowing

a sample-based weight delivering. It is in charge of apjlyin

Then, from (3) and (4), the weights moments should be o o essary weights to have a desired correlation among

7O, them with a certain distribution. The new block consists of
E [wiw]] = h_Z}JL*7 L,j=1,...,nr (3)  ns complex multipliers, each consisting afmultipliers and
© 2 adders. The baseband in-phase (I) and quadrature (Q) signal
Therefore, the weights correlation matrix will be samples are generated by the base band (BB) processor and
the weights are fed, along with the signal, to the complex
o s o ] multipliers. The outputs of the BB processor are convernted t
Jall TpE T Mbar the analog domain by, dual digital to analog converters
212/ 22 —2nT .
" hehi  Thal? " hahi (D/A) and then upconverted by the radio frequency (RF) front
R,=FE [WW } = . . . . - (6) end. The receiver simply just acquire the signals.
(ro' ) (e ) ' o ' The weights are defined within the rangel, 1] to ensure
hiT;Th,{ h:Th; T that if they are fixed to the maximum value, the 1Q signals

are not affected by saturation that can occur at\Wemghtin
_A(?cor_ding to (2), th(_e weights distribution determines th%Iock or at the DZA. If a higher dynamic rangrl??des?red,
d'Str'bUtlon of the equwalgnt Ch?”“e'- If, for examp_le,eonthere exist a control that allows varying the transmit power
desires .to emulate a Rayleigh fading channel, the weigfits V\ﬁmplifier (PA) gain at the RF Front End. It is important to
be obtained from take into account that the weights can be so small that the
a2 transmitted signal is received with low level and noisy.Hist
w=R,/"wy, ~ CN(O,R). 7 case, the receiver DUT should provide any kind of automatic
Vector w follows a zero-mean complex Gaussian distribudain control (AGC) to keep an adequate signal level.
tion with covariance matrixR, being w,, ~ CN(0,L,,), The procedure starts from the assumption that the initial
wherel,,,. is the identity matrix of dimension. From (7) channel estimation has been previously carried out by the
we readily obtain realizations of the weights to emulate tH&B processor; otherwise, it can be carried out as described
desired Rayleigh fading channel with the spatial correfati in Section V. Since the channel response is considered
matrix given by (4). Other expressions similar than (7) $tioutime invariant, this initial estimation is considered ahgithe

be used for other fading distributions. experiment. The implementation of the proposed methodgeli
on the common block fading assumption. During each channel
IIl. | MPLEMENTATION OF THE MISO CHANNEL state (block) the signals are transmitted with fixed weiginis
EMULATOR the equivalent channel remains constant within a blockmFro

The first step regarding implementation leads us to decidee state to another, the weights change according to arcerta
where to fit our weighting methodology. Starting on thspatial correlation following any distribution.
basis that we have a transmitter and a receiver device under
test (DUT) and our aim is to emulate the MISO channel
among them, weights application should be performed at theln this section we first validate the proposed method by
transmitter side. Since we want to apply the weights in a reaheans of simulation results. Then, it has been also imple-
time context, we decided to implement the MISO methodologgented, working in real-time in our MIMO test bed [9]. Fig.
on the transmitter base band (BB) processor. Fig. 2 preffants3 presents the configuration of the two test bed nodes, one
general diagram of a typical implementation of our methodacting as the transmitter and the other as the receiver. The

IV. VALIDATION AND TEST
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Weighting Block is fitted into the transmit field programmable
gate array (FPGA) (Xilinx Virtex Il). The DAC hasg4 bits
of resolution so the output of th@eighting block must be
truncated tol4 bits. The transmit weight vector falls in the
range[—1, 1] with one bit for the sign and5 bits for the
decimal part.

o

~
\

.. MIMO channel
’ ~
2.5/5 GHz RF signals 2.5/5 GHz RF signals

’ SM-802.11 SM-802.11
PTXVASE ] MIMO ANALOG FRONT END MIMO ANALOG FRONT END [ RX U signals
(AFE) (AFE)

Digital Control Digital Control
Port Port

270

VHS-DAC BOARD VHS-ADC BOARD

Fig. 4. MISO initial channel estimation with weights set toep resulting
time-invariant channels.

'l FPGA FPGA ll
DR . . . .
<] < we desire to emulate a Rayleigh fading channel with the
3 i following spatial correlation values
é_PC _F’C
0.2525 0 0.2517 0
TRANSMITTER NODE RECEIVER NODE
IRY| = 0 0.2230 0.1267 0 (10)
Fig. 3. Block diagram of thet x 4 MIMO test bed. (Left) Transmitter. 1™ 10.2517 0.1267 0.4162 0
(Right) Receiver. 0 0 0 0.1083
Measurements were carried out at the[R building 0 0 —6555 0
of Telecommunications Engineering at the University of oy_ | 0 0 46.33 0
: ! arg (R7)
Cantabria. The transmitter was placktheters away from the 65.55 —46.33 0 0
receiver. For the measurements used herein, the test bed had 0 0 0 0

nr =4 andng = 1 transmit and receive antennas respectively As can be seen from (10), there exist correlation among
using a uniform linear antenna array at the transmitter.a$ Wchannelsl — 3 and 2 — 3 being uncorrelated the rest of the
operated with a carrier frequency 6f6 GHz. Making use combinations. Also, the channglis the one that more gain
of the channel estimation methodology presented in [S} thgrovides. Once we obtain the weights realizations from (8) a
has also been implemented in our test bed, we obtained {7 we get the equivalent channel according to (2). To extm

physical channel respons, fixing the weights value to one the correlation matrix we use the following expression
in order to bypass th#\eighting block. Since there not exist

any movement or people around the scenario, the channel 1 X "

can be considered time-invariant. We carried out this cann Ry, = N Zhehe ' (11)
estimation1000 times to prove the lack of variability (see Fig. !

4). The last channel estimation was carried fuminutes later ~ WhereN is the number of weights realizations.

than the first one. A. Smulation results
The measured magnitude of the MISO channel response.. . . .
9 P q:wst, from (6) we computed the weights correlation matrix.

was Then, by using (7) we obtained/ = 10° weight vector
0.8332 realizations. From them we obtain the equivalent channels
4.3886 according to (2) and we estimate the correlation matrix mgki
[b| = 2.3347 (8)  use of (11), resulting
1.5531

0.2526 0.0003 0.2519 0.0001
and the phase 0.0003 0.2231 0.1267 0.0002

IRj| = 0.2519 0.1267 0.4162 0.0003 (12)
jg;gggg 0.0001 0.0002 0.0003 0.1081
arg (h) = | 1759897 |- ©)
) 0 —12.47 —65.46 174.47
69.9333 ) 1247 0 4628 —101.19
These channel estimates will serve us as starting point for arg (Ry) = 65.46  —46.28 0 —143.03
both the simulation and the implementation results. Lalimss —174.47 101.19 143.03 0
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By comparing (10) and (12) we can verify the proper

behavior of our method since the results match up very well 0.2457 0.0133 0.2576 0.0071
with the desired correlation matrix. Obviously, the conigam 0.0133 0.2190 0.1402 0.0034
among phase results whose elements are zero in the magnitude [Rn| = 0.2576 0.1402 0.4325 0.0078 (14)
matrix are not of interest. Fig. 5 shows the histograms fer th 0.0071 0.0034 0.0078 0.1028
magnitudes of the entries of the equivalent chanhel,
x10° e x10° e 0 —76.45 —64.58 149.65
arg (Ry) — 76.45 0 42.83  168.41
64.56 —42.82 0 —149.46

—149.65 —168.41 149.46 0

As can be seen, (13) and (14) match very well. If we
compare these results with those obtained by simulation we
2 2% appreciate differences mostly caused by the number of real-
izations. This means that asymptotically all the resultsiieo
match up.

On the other hand, we need to verify that the distributions
of the equivalent channels follow the Rayleigh distribatio
Fig. 6 shows the histograms for the magnitudes of the entries
of the equivalent channeh,;.
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Fig. 5. Distributions of thet x 1 MISO channel (simulation). 150

100

B. Measurements 5

In this case, we just obtai’vV = 1000 weights realizations
from (7), following a Rayleigh distribution. Then, making
use of the channel estimation methodology presented in h
we estimate, for all the realizations, the equivalent clehnrzoo
(consisting of the product of the channel itself and th
weights). To that purpose, we transmit the signals mudli
by these weights from the transmitted node. The signals o
sent through the channel and then received at the recei
node. For calculating the empirical correlation matrixnfro
those equivalent channels we make use of (11). The estima % o5 1 15 2 25 T Y
correlation matrix was

%
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Fig. 6. Distributions of thel x 1 MISO channel (measurements).

0.2374 0.0117 0.2513 0.0075
0.0117 0.2235 0.1441 0.0036

Ral = 102513 0.1441 0.4379 0.0068 (13) V. CONCLUSIONS
0.0075 0.0036 0.0068 0.1012
A method to emulate narrowband MISO channels with
0 76.65 —64.55 14298 certain spatial correlation and arbitrary distributiorss lbeen
76.65 0 43.05 154.23 developed. It is based on time-varying beamforming and it
arg (Ry) = 6455  —43.05 0 ~160.30/| - can be seen as the emulation of a block fading channel
14298 —154.23 160.30 0 varying according the weights given that the physical clehnn

in fixed indoor environments is considered static. Theesfor
By comparing (13) and (12), we realize that the measurn¢-allows the evaluation of MISO algorithms under contrdlle
ment results do not match very well with the simulated oneand repeatable conditions. This is the first stage in order
Noise and impairments related to hardware can make tteetackle MIMO channel emulation controlling both spatial
results worse. To verify this fact, we took thos&00 weights and temporal correlation, whose development is in progress
realizations and we calculate in Matlab the equivalent okan following the same principles as the ones presented in this
Finally, we obtain the correlation matrix making use of (11)paper.
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