Performance of STBC transmissions with real datze
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Abstract— This paper presents a comparative study of three [10]. These schemes do not require channel knowledge at
Space-Time Block Coding (STBC) techniques in realistic indoor the receiver but they incur in a performance penalty of 3 dB
scenarios. In particular, we focus on the Alamouti orthogonal (differential coding) and 2—4 dB (unitary modulation) asrco

scheme considering two types of Channel State Information . .
(CSl) estimation: a conventional pilot-aided technique and a pared to the coherent ML receiver [9]. Moreover, the receive

new blind method based on Second Order Statistics (SOS). complexity for the unitary scheme increases exponenteitly

We also considered a Differential (non-coherent) Space-Time the number of points in the unitary space-time constelfatio

Block code (DSTBC) that can be optimally decoded without CSI

estimation, although it incurs in a 3 dB loss in performance.

Experimental evaluation is carried out with a flexible and easy-to- In order to overcome the limitations of differential codes

use 2x 2 MIMO platform at 2.4 GHz. Results show the excellent \hile, at the same time, avoiding the spectral efficiency

performance of the blind channel estimation technique in either reduction of pilot-aided techniques, several methods fodb

Line-Of-Sight (LOS) and Non-LOS (NLOS) indoor scenarios. o n e astimation have been proposed [11], [12]. Thesk-met
|. INTRODUCTION ods can be divided into two groups depending on whether they

Since the pioneering work of Foschini and Telatar [1 xp!0|f[ the h|gher-order_ statistics (HOS) or the secortﬂ_apr

: . . t8t|st|cs (SOS) of the signals. HOS-based methods exhibit

[2], multiple transmit and receive antennas have been used.

to drastically improve the performance of wireless commt?-]ajor drawbacks: they present, in general, a higher computa

nication systems. Specifically, since the work of Alamou jonal cost and may require long streams of data to achieve

[3], and the later generalization by Tarokhal. [4], space- accurate estimates. On the other hand, SOS-based metkods ar
time block coding (STBC) has emerged as one of the mqgst

referable in practice. Recently, a reduced-complexitysSO
L . : : : o . ased method for blind channel estimation under OSTBC
promising techniques to exploit spatial diversity in Mplé- . :
. transmissions has been proposed in [13]. Its performanse ha
Input Multiple-Output (MIMO) systems. . -
. . .been evaluated by means of numerical examples, finding that
Among space-time coding schemes, orthogonal space-time . . :
. . . In_most cases it renders accurate channel estimates, pobvid
block coding (OSTBC) is one of the most attractive becausetr|1at > 1 receive antennas are available. However, for some
is able to provide full diversity gain without Channel State "R y '

; i T : . . OSTBCs (including Alamouti) some ambiguities appear that
ormation (CSI) at transmission and with very simple enogdi . . L .

) . ve to be avoided, for instance, using linear precodinget t
and decoding procedures. The special structure of OSTBtre?nsmitter or resorting to HOS
enables optimal Maximum Likelihood (ML) decoding using '
a simple linear receiver followed by a symbol-by-symbol
detector. In this paper, we focus on the evaluation of several of

The CSI required for coherent detection of OSTBCs ihe above STBC transmission techniques over realisticando
typically acquired by sending a training sequence that sgenarios. To this end, we make use &:a2 MIMO testbed
known at the receiver side [5]. However, the price to be padksigned to operate at the 2.4 GHz Industrial, Scientific and
is reduced spectral efficiency, energy loss because tgpiniMedical (ISM) band. Due to the limitations in the number of
sequences do not carry any information and inaccurate ehanmansmit antennas, we are constrained to the Alamouti cgjde [
estimates due to the effect of the noise and the limited numtzend the differential STBC for two transmit antennas [6]. For
of training symbols. Alamouti coherent decoding, we have employed a pilot-aided

Popular approaches to avoid the reduction on the spect@8l estimation technique [5] and the blind technique predos
efficiency include the so-called Differential STBC (DSTBC)n [14], which avoids the indeterminacy problems of [13] by
schemes [6]-[8] and Unitary Space-Time Modulation [9}educing in a few bits per second the transmission rate.



[I. STBC AND DSTBCSCHEMES the transmitted codeword matric€&[n|) are constructed as

Throughout this paper, we will consider a flat fading Mimdollows
channel withnr transmit andh g receive antennas. This chan- Z[n] = Z[n — 1]S[n]
nel is conveniently represented as a matixof dimension \yith Z[0] = I,,. When the matricesS[n] are the output
nr x nr, where each of the coefficients;; represents the of 3 OSTBC encoder, ML decoding of DSTBC reduces to
complex transfer function between theh transmitter to the 57 parallel symbol-by-symbol detection at the output of a
ith receiver. The transmitted symbols are grouped in blo€ks hear receiver. The advantage of DSTBC is that decoding can
size M symbols and then encoded using a Space-Time Blogk carried without the need of knowing the channel at the
Code (STBC) into the codeword matr${n] with dimension recejver. This advantage, however, is obtained at the eepen
nr x L whereL is the codeword number of time slots. Noticef 5 3 dB penalty in comparison with coherent detection.
that the transmission rate of this systemHis= M/L.
After transmission through the MIMO channel, thgh [1l. CHANNEL ESTIMATION IN MIMO-OSTBC SYSTEMS
block of received signals is represented with thex L matrix In this section we describe the channel estimation tech-
niques used in the experiments for Alamouti decoding. lyjrst
X[n] = HS[n] + Nin] @ we consider the conventional pilot-based technique and, se
whereN[n] is any x L matrix representing the spatially andondly, we describe a recently proposed blind technique.
temporally Additive White Gaussian Noise (AWGN). A Pilot-aided channel estimation
Assuming perfect knowledge @ and taking into account . . i
the Gaussian distribution of the noise, the coherent Magimu Ve have applied the channel estimation method described
Likelihood (ML) decoding ofS[n] is obtained after minimiz- in [5]. Basmally, we need to construetr orthogonal pilot
ing the following criterion [15] sequences of sizé.

~ ilot
Sxr1[n] = argmin|[X[n] — HS[n]||?, @) goiot _ | sio | [ snoso s 5)
S[n] sg'Ot S21 S22 ... S2K

subject to the constraint that the elementsSpf] belong to a The pilot sequences are designed to be orthogonal

finite setS. This is a NP-hard problem and optimal algorithms _ UH

to solve it, such asphere decoding, can be computationally sP1t (Sf"m)

expensive [16]-[18]. ) ) )
The complexity of the ML receiver reduces considerabl‘f)’here ¢ is the Kronecker delta. This orthogonality among

when resorting to Orthogonal STBCs (OSTBC) in which thihe pilot sequences allows us to independently estimate eac
codeword matrices are orthogonal, i.e., fading coefficient:;;. Specifically, the Minimum Mean Square

Error (MMSE) estimate of;; is given by

o &t

K2

S [n] st [n] =1, 3

pilot pilot
where the superscrigt denotes transpose conjugate dnd Bov — i (Sj ) (6)
is thens x nyr identity matrix. The ML decoding of OSTBCs " Hspilot 2
is equivalent taM parallel symbol-by-symbol detection at the J

output of a linear receiver. where x”'* is the received signal at theth antenna when

The most popular OSTBC is the Alamouti code [3], whiclypilot h55 heen transmitted.
transmits\/ = 2 complex symbols in, = 2 time slots (.., On the other hand, the transmission of a pilot sequence
the code rate ig? = 1). The codewords in the Alamouti codecg;ses a reduction in the effecti®, /N, or, equivalently, a
are constructed as reduction in the effective transmission rate. For instarite
} we transmitNp data symbols and< pilots during then-th

(4) frame, the transmitted rate associated to this technique is

In this work we restrict ourselves to the Alamouti code baseau Ry = N‘NiDK-

of the limitation in the number of transmitting antennastuod t Dt

testbed used in the experiments. The use ofa2 platform B. SOSbased blind channel estimation

limits the use of more sophisticated OSTBCs. Recently, a new method for blind channel estimation under
Coherent OSTBC decoding requires CSI knowledge @STBC transmissions has been proposed in [13]. It is based

the receiver. This imposes practical constraints that can énly on Second Order Statistics (SOS) and it is able to

avoided with the utilization of differential schemes. Inroublindly identify the channel (up to a real scalar ambiguity)

comparative study, we consider the Differential SpaceeTinfor most of the existing OSTBCs when the number of receive

Block Coding (DSTBC) for two transmit and two receiveantennas isiz > 1 [19]. However, some OSTBCs (including

antennas described in [15]. This particular type of DSTBC the Alamouti code used in this paper) cannot be identified

restricted to constant modulus signals. In this DSTBC sehery this method due to an additional ambiguity, which must

[ sinl s3]
S[”][sm 1]
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Fig. 1. Schematic diagram of thiex 2 MIMO platform.

be eliminated by resorting to other information (e.g., éine signals are acquired by the receive host PC using anothed boa
precoding, non-white source signals, reduced rate, €t8]) [ with two ADCs with a maximum sampling frequency of 105

In this paper we use a particularly simple method whicMHz. Another fast and high capacity (1 GB) memory module
has been recently proposed in [14]. There, it was proved thatused to store the acquired signals. The memory content can
any OSTBC transmitting an odd number of real symbals, be subsequently downloaded into the hard disk of the receive
is identifiable regardless of the number of receiving arssnn host PC where synchronization, channel estimation, demodu
The number of real symbolgy’, in a OSTBC codeword is lation and decoding are performed off-line usingsxMAB ®.

o { M for real constellations See [20] for a detailed description of the MIMO platform.

2M for complex constellations

)

Therefore, any non-identifiable complex OSTBC can be ma
identifiable simply by not transmitting one real symbol pe
OSTBC block. Obviously the transmission rate is reduce
but this rate penalty can be controlled by eliminating ontg o
real symbol each timé& OSTBC codewords are transmitted
In this case, the transmission rate is

BM' -1
TR ®)
which tends to one foB > 1. Obviously, there is a trade-off

between the quality of the channel estimate diylhg as a
function of B. This issue has been discussed in [14].

Rpjlind =

Fig. 2. A picture of the2 x 2 MIMO platform.

IV. MIMO TESTBED

In the results that follow, we examine the performance of V. EXPERIMENTAL RESULTS
STBC schemes in realistic scenarios using real data fromin this section we compare the performance of the Alamouti
indoor environments. The real data was obtained usingseheme for pilot aided channel estimation, blind channel
flexible and easy-to-uskx 2 MIMO testbed, jointly built at the estimation and the Differential STBC that we have described
Universities of Cantabria and A Cdia (Spain). This MIMO in sections Il and Ill. The measurements were taken in the
testbed is intended for testing and rapid prototyping of MIM laboratory of the Signal Processing Group at the Universiity
baseband modules. A schematic diagram of the platform Gantabria. In the first experiment the transmitters andivere
shown in Fig. 1 and a picture of the system is shown in Fig. &ere approximately two meters away from each other, with
Its basic operation is as follows: signal generation, matioh a clear Line-Of-Sight (LOS) between them. In the second
and space-time coding at transmission are carried ouireff-l experiment, the receivers were located farther away fraen th
using MATLAB®. The transmitting PC contains a board taransmitters4 10 meters) and the transmitting antennas were
generate the analog signals at an IF of 15 MHz. Since thafso moved to avoid a clear line-of-sight (see Fig. 3).
board is equipped with a large (1 GB) and fast memory, the To simplify symbol and frame synchronization, we designed
versatility of the platform is extremely high. The upcorsien a frame structure composed of 63 preamble symbols for frame
from IF to the carrier RF frequency of 2.385 GHz is performeslynchronization, up to 64 pilot symbols for channel estiarat
by two Agilent ESG E4438C signal generators and the signgfer pilot-aided techniques) and 1000 data symbols (see Fig
are then transmitted through two printed dipole antennas. 4). In the preamble we use a pseudorandom sequence (PN)

At the receiver side, two downconverters specifically dde facilitate frame synchronization and coarse symbolrtgni
signed for this platform translate the RF signal to IF. The I&cquisition. Notice that this frame was selected to simplif



RX and TX antennas and clear LOS) when the transmitted
power per antenna is -10 dBm.

Transmit antennas
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Fig. 3. Locations of the TX's and RX’s in the two experiments. 16 pilots
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maximize throughput. Transmitted power per antenna(dBm)

Regarding the modulation parameters, we employ a QPSK
modulation. The pulse shaping filter is a square-root raised Fig. 6. BER for the LOS scenario.
cosine filter with a roll-off factor of 0.4. The symbol rate is
1 Mbaud, so the RF bandwidth is 1.4 MHz. The sampling We have repeated the experiment varying the transmitting
frequency is 80 Msamples/sec. at both the transmitter amd {fower per antenna. For each transmitting power we repeated
receiver. This high sampling rate was used to simplify theeveral times the experiment. Since the generation anagodi
synchronization algorithms. At the receiver, we performmiea.  at the transmitter side; and the demodulation, channehasti
offset estimation and eliminate the carrier modulationteAf tion and decoding at the receiver side are carried out oé:li
wards, frame and symbol synchronization are carried out ke time between two consecutive trials is much larger that t
exploiting the PN preamble. The final baseband observatiatsherence time of the channel. With this set-up we obtained
are obtained through matched filtering and sampling at tkee bit error rate (BER) curve versus transmitting powemsho

symbol rate. in Fig. 6. In this figure we compare:
o The Alamouti OSTBC with pilot-aided channel estima-
Preamble (63)| Pilots (64) | Information (1000) | tion (labeled ask pilots)

o The Alamouti OSTBC with blind channel estimation,
labeled as Blind (BX-NY), where X is the number of
Alamouti blocks in which we eliminate one real symbol
(to avoid the ambiguity) and Y is the number of blocks
that we use to estimate the correlation matrix.

Fig. 4. Frame structure chosen for the experiments.

Acquired Signal Timing synchronization
¢ ¢ o The DSTBC.
ST, . .
’ ’ ¢ kY Tab. | shows the corresponding rates for the considered
° o i Q ! Alamouti transmissions.
- 2 i
ol . Method Rate
Y2 o0z 4 W2 0 2z 4 64 Pilots 0.9398
Timing and frequency synchronizationAftgr Alamouti decoding 16 Pilots 0.9843
¢ _ b Blind (B10-N250) | 0,9750
d v . Y, “ Blind (B10-N500) | 0,9750
. 5|
o e Ty o TABLE |
-2 - " . ;Z LY 4 RATE FOR THE DIFFERENT CHANNEL ESTIMATION METHODS
-15

As we can see from Fig. 6 and Table |, the blind tech-
Fig. 5. Symbol constellations at the receiver. nigue with N = 500 blocks practically achieves the same
performance as the pilot-aided method with 64 pilots, but
Fig. 5 shows the signal received at one antenna (upgeansmitting at a higher rate. This improvement is achieaed
left), the signal after symbol timing (upper right), afterder the expense of a moderate increase of the computational cost
frequency offset and symbol timing (lower left) and aftesince the blind technique has to obtain the main eigenvedtor
Alamouti decoding (lower right) in the first scenario (clos@8 x 8 correlation matrix. On the other hand, we also observe



the expected 3 dB loss for the DSTBC and that the pilot- ACKNOWLEDGMENT
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and this causes a loss in BER. Specifically, if we wée=

250 instead of N = 500 blocks, the loss is aboui.9 dB.
However, the use of a reduced number of blocks for blindt]
channel estimation permits the use of shorter frames, which
is especially important when the channel coherence time g
smaller.

Figure 7 shows again the BER versus the transmitting powey,
for the different methods in a NLOS scenario. The main
difference with respect to the first experiment is that now
we have to increase almo&f dB the transmitting power
of the RF signal generators to attain the same BER, but the
comparison among the different STBC transmission leads 18l
similar conclusions in this new scenario.
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Fig. 7. BER for the NLOS scenario.

(14]
VI. CONCLUSIONS
_ [15
In this paper we have compared the performance of severa
STBC systems on real data obtained from indoor scenarios
using a2x2 MIMO platform at 2,4 GHz. In particular, we have®
compared the Alamouti orthogonal scheme with coherent and
non-coherent demodulation. The channel was estimated ush!
two different methods: a conventional pilot-aided techeiq ;4
and a recently proposed blind algorithm based on SOS. In
both LOS and NLOS scenarios, the blind channel estimation
technique provides similar BER performance than the pilo[t1—9]
aided method, with a slight increase in the effective data ra
and a moderate increase in the computational complexity of
the detector. On the other hand, the differential STBC prisse
as expected, a 3-dB penalty in comparison with coherent
schemes, but it can be of interest due to its simplicity and
its potential advantages in rapidly time-varying channels
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