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receiver, BER simulations have been performed.

Abstract—In this paper, we address the 1Q imbalance sen- Th|s_paper con_su;ts of 5 pgrts. FoIIowmg this introduction
sibility of the code multiplexing front-end architecture. This ~Section Il describes the multi-antenna receiver and thearew
innovative architecture has been recently proposed in ordeto tenna diversity front-end structure is presented. In $adiil,
reduce the analog complexity of an antenna diversity recer the theoretical models of this structure are given, incligdiQ
front-end. An interesting characteristic of this structure is that imbalance. Section IV details some simulated performances

the resulting 1Q imbalance is equal for each received baselnal Finall USi d d foll ided
signal. Associated with Single Matrix Inversion algorithm, this "~ nally, conclusions are drawn and Tollow-ups are provide

property ensures a high IQ imbalance robustness. A global
antenna diversity system including analog front-end and diital Il. MULTI-ANTENNA RECEIVER
processing has been implemented in order to perform simula- . .
tion validation. Results show that the bit error rate does no A. Classical architecture
increase significantly with the multiplexing and this increase is In order to have a performance improvement, a transceiver
compensated for a high IQ imbalance. . . - :
P gh 1Q using antenna diversity [1] has to use several antennas for
I. INTRODUCTION its transmitter and/or receiver. Fig. 1 shows the structifre

Introduced in 1984 by J.H. Winters [1], the antenna d&n antenna diversity transceiver in the SIMO (Single-Input
versity techniques are an interesting solution for advancMultiple-Output) configuration. The multi-antenna reegiv
communication systems. They are used to increase the tapaléi composed of two parts: an analog one that transforms the
and performances (quality of service QoS, datarate) of radiofrequency (RF) signai,(¢) in baseband signals in-phase
wireless networks. Several algorithms exist to take adgmt /x(t) and in-quadraturelx(t) [7] and a digital one that
of antenna diversity and to combine different signals argv Performs the antenna diversity processing.
at the same receiver [6]. In the 802.11¢g standard [2] studg,ca
receivers are mostly used in indoor environments, withdarg ar I
angular spread, so it is very difficult to use high complexit Fiber LA g
algorithms such as ESPRIT or MUSIC [3] in order to comput () Ql}_’L

1 o &P /./' ¢

the direction of arrival of signal of interest. Therefores pre- P
{ | Ol SMI (&

fer to take advantage of the training sequence used in 8§2.%
standard and to compute the optimal combination of differe
signals with the Sample Matrix Inversion (SMI) [4]. This CLgr
technique is efficient to increase capacity and performeasce

well as to reduce the sensibility to 1Q imbalance [5]. Howeve

this compensation is effective when the 1Q imbalance is the
same on each chain of the receiver, which is not rea"y a Fig. 1. Classical architecture of an antenna diversity ivece

realistic assumption.

Recently, a new architecture of multi-antenna front-end arhe classical analog front-end associated to antennasitiyer
chitecture has been proposed in order to reduce the analegeivers uses one dedicated analog chain for each of the
complexity. This architecture is based on code multiplex¥ antennas. The receiver of the Fig. 1 uses a homodyne
ing and has been introduced by authors in an internatiorsthitecture [8]. Each chain is composed of a SAW RF filter
patent [6]. A global study has been done including Bit ErrqiSurface Acoustic Wave filter) for the band selection, an LNA
Rate (BER) performances, power consumption evaluation aficow Noise Amplifier) and an IQ demodulator that recovers
implementation considerations. Some results already gubnthe in-phase and in-quadrature baseband signals. ITtig

ted for publication are given in this paper but here the maand Q,.(t) signals of thek*" antenna are then digitized by
purpose is to assess the IQ imbalance sensibility of this tyjwo analog to digital converters (ADC). The baseband signal
of receiver. We compare its performances to the classical(t) = Iy (t) + jQ(t) are processed by the SMI algorithm
structure for realistic 1Q imbalance, the two systems using order to computes:(¢).

SMI processing. In order to evaluate this new antenna dtyers




The antenna diversity digital processing used in this stu@yd frequency overlapping between each antenna contihuti
is a classical SMI [4]. It uses the training sequence of 80¢.1decorrelation can be done by the Direct Sequence Spread
standard [8] in order to compute the optimal combinatioBpectrum technique (DSSS). This technique is the basis of
(Fig. 2) of different signals using an adaptive algorithnsésh CDMA multiple access technology [9]. The spread spectrum
on a Minimum Mean Square Error (MMSE) criterion. Aallows a multiplexing which is neither time nor frequencyt b
simple adaptive algorithm is the Least Mean Square (LM®%)code multiplexing.

which has a low complexity o (V). But this algorithm has .
a very slow convergence. Taking into account that the tngini Fir LA
sequence time of an 802.11g burst is short, it is preferable ;& I}
use SMI which offers a faster convergence, even if SMI hi 7 e e
: - T. e » Matched M1 2
a more important complexity ab(N?3). A [ S(t)\ filters
T1—C— Ohae h
R N
wl *
ﬂ@—'ﬂi — Z wpﬂ?p Fig. 3. Code multiplexing architecture of an antenna dien®ceiver.
: Y
TN e The DSSS technique consists in allocating an orthogonal
f spreading code to each branch. The signajgt) are
fw}‘V multiplied by the periodical codes(t) which are pseudo-

random sequences of binary entities having a rat&' times
higher than the symbol. Thus, the resulting bandwidth of the

signal spectrum isV times larger than those of the received

We apply the SMI algorithm in.the temporal domain, direc“%ignalrk(t). The sum ofN encoded signals is then performed
after sampling. We define an input signal vector kyk) = in order to generate the radio-frequency multiplex signal

T T
[xl(k)’. o N (k)] . where [ ] denotes the trans_posed(t). This signal is then transformed by an 1Q demodulator.
operation. The covariance matriX and the cross covariance

vector r are estimated with' samples of the signal vectorAfter the sampling step, the decoding of each contributeon i

. - performed, it consists in matched filters composed of digita
(K is the number of sample of the training sequente filters followed by subsampling operations.

1 K o The theoretical aspects of the proposed structure are given
R= K ZX (k)X (k). (1) the next section.
k=1

Fig. 2. The multi-antenna adaptive processing.

where? denotes the transpose and conjugate operation. This architecture works for any multi-antenna schemes: for
| X every antenna array and every digital algorithm. However, a

r=— ZXH(k)u(k). ) !lmltatlon Qf the concept of using orthogonal spreadinge=d

= is that optimally only an even numbe&}, @, 8, .. .) of antennas

. - ) ~can be received.
Denotingw = [wy, ..., wy]" the complex weights to applied e synchronization between coding and decoding is not such
to different signals, an approximate solution to the MMSE, iyhortant issue as during an UMTS transmission. Indeed,
problem is computed as: the propagation delay of the spread signal through the itircu

w= R (3) path is well-predicted through accurate circuit analysisl a
_ ) ) simulation. Therefore, attaining synchronization betwéee
B. The code multiplexing architecture spreading and despreading codes is a trivial matter. Fer thi

The RF stack-up architecture described in Fig. 1 is aeason, time delay between the spreading and despreading
obvious choice: havingy separate dedicated chains allows theodes was neglected in this study.
demodulation of each branch with a significant quality (higiihe SNR study, already submitted for publication, has shown
Signal to Noise Ratio - SNR at the ADC input). Howeverthat the BER does not increase so much with the multiplexing,
this choice enforces a high complexity of the analog fronthis degradation is due to digital aliasing during the subsa
end. The aim of the structure shown in Fig. 3 is to reduce thiding operation. Future work is to reduce this aliasing etffe
complexity without decreasing the SNR quality after braxh A complexity study shows that the proposed structure resluce
demodulation. significantly the power consumption of the antenna diversit
The idea was to explore the use of a single common froritent-end. This structure outperforms the classical stmacfor
end for the processing of signals received by Meantennas. a number of antennas above 2. A consumption reduction of
The use of one common analog chain underlies the id2&% is reached foiV=8 antennas.
of multiplexing the different branches on a single frontThe 1Q imbalance sensitivity of this structure has not been
end. The code domain appears to be the most suited &msessed yet and is the main subject of this paper. Thetdretic
an antenna diversity receiver. In order to achieve the tincensiderations are given in the next section.



I11. 1Q IMBALANCE IN THE CODE MULTIPLEXING Once the coding operation ended for each antenna, the new
ARCHITECTURE signals intercorrelations depend only on the codes interco
lations. So, signals can be clearly overlapped in time and
requency, as they are separable by their spreading seguenc
The adding operation between the spread contributions ean b
done:

In this section, the system model of the code multiplexinr
architecture is presented, including 1Q imbalance. Theeho
antenna diversity receiver is depicted in Fig. 3 and cosidist
2 parts: the analog multiplexing and the digital demultipig.

N
A. System model and 1Q imbalance d(t) = ; i (8)- (1)
Analog coding:The digital transmitted message is made oftiar the code multiplexing step, the signét) is transposed

complex symbolsz[i] which depend on the digital modula-y the baseband frequency by an 1Q demodulator.
tion (BPSK, QPSK, QAM, OFDM., ..). These symbols are

transmitted at the symbol rat®, = 1/T; whereT is the |5 jmnalance: This RF impairement means that there is a

symbol duration. The digital baseband signal (analog $ignNgss of orthogonality between the | and Q branches, which is
carrying digital information), with a rectangular puls@pmg, q.e to a gain mismatch and a phase mismatch between

is written: the two local oscillators [7]. The phase mismatch is caused b
= ' . 1if0o<t<T a non-ideal layout which means that the lines between mixers
x(t) = > alilpr, (t—iT.) with pr, = { 0 else. " are not strictly equal. The gain mismatch is due to a diffeeen

i=—00

of the conversion gain between the | and Q mixers. By taking

4) . . .
The transmitted signal is real and is defined by: Into account 'Q imbalance, the in p.hase componignt and
the in-quadrature compone@X(t) are:
_ j27 fot * —j2m fot

s(t) = x(t)e’™ " + 27 (t)e ™77, ) I(t) = LP[d(t) cos(2m fot)], (12)
with fo the RF modulating frequency. Q(t) = LP[d(t)gsin(27 fot + ¢)], (13)
In an ideal transmission, the received signal onittfeantenna
is expressed by: where LP[e] refers to an ideal low-pass filter having a

} . bandwidth of BW/2 (BW is bandwidth ofd(t)).
ri(t) = i ()e??™00 4z (t)e TP, (6) By replacingd(t) by (11) and (10), we get:

with 4 (¢) the baseband signal received on #i& antenna. B N 1 . per
In order to perform the code multiplexing of all the branches I = kzzl Q(mk(t) +ak)e” (©), (14)
each received signal is spread using a cade), k=1, ... N. N .
The pseudo-random sequences dkeperiodic. By using a Q)= gl(zi(t)e’? — xx(t)e 7Y (t). (15)
limited symbol duration code, repeated indefinitely, thetem o2

has an easier sequence generation as well as a better despygiger demodulation, the signal is defined by its complex
ing synchronization. For a given brangha set of V' binary envelope:

(complex binary) chipgci[n] n =0,...N — 1} is used. This N
sequence is called "spreading code". The periodic c§d¢t) #(t) = I(t) + jQt) = Z

1 er
: - _ 5l () Ky + 2 (8 Ka] g™ (1),
is the periodic pseudo-random sequence: =2

= Ky =1+ gel® 1)
er _ . : 1= ge
F(t) = ; cx(t)pr. (t —iTy). (7)  with { Ky—1- goi¢ °
The non-periodic code is defined by: Digital decoding: So far, the different steps will be imple-

mented in the analog part of the receiver. The decoding step
will be performed digitally after sampling.
cr(t) = Z cx[n]pr. (¢ = nTe), (8) The pseudo-random sequence modulating the symbols dur-
n=0 ing the spreading step has to be known by the decoder in
whereT, is the chip duration andv = % is the code length. order to enable the reconstruction of symbols by successive
The use of codes with & length allows the reception of ~ correlations (despreading and integration on the symbug)ti

N-1

antennas. between the spreading signal and the same coding sequence:
The k** antenna contribution after spreadinfy(t) is ex- . 1 mHnTs
oressed by: &u[ml :i/mm Bt (Odt, mTe <t < (m+1)Ts, (17)
er N " Ts
dip(t) = " () (t)- ) :Ti > {ax[mlK1 + @} [m] K2} /O ck(t)ei (B)dt.  (18)
S k=1

B laci t) by (6), t: . o
y replacingr(t) by (6), we ge Intercorrelation properties influence the performancesaof

di(t) = &7 (1) {an(1)e*™ 0 4 (t)e 72"t} (10) spread spectrum system that operates by correlation betwee



signals and codes. Intercorrelation functions of the codes IV. SIMULATED MULTI -ANTENNA PERFORMANCES
k1 (7) are defined by: A global multi-antenna system has been tested by using

1 [T several BER simulations, it includes the front-end part and
Yt (T) = f/ cx(t — 7)cg (¢)dt. (19) the signal processing part. Two complete IEEE 802.11g [2]
If the codes are orthogson(;ls we have: SIMO transmission systems have been modelled using the
' ' ADS software: one using the classical homodyne front-end,
Yi.1(0) = o[k —1]. (20) the other using the code multiplexing front-end.

As a final result, we get: A. System description

The implemented system is described in Fig 3. A two
antennas system is tested because experimental validation
can be done only with two antennas. Each antenna receives

= xy[m] Ky + 27 [m]K>. (22) 4 different version of the 802.11g transmitted signal. The
The digital baseband symbo{s;[m], [ =1...N, m € z} channel bandwidth i80 MHz, the RF frequency i8412 MHz
received on each antenna are recovered. When there is ncA@ the datarate i86 Mbit/s.
imbalance {.e. K; = 1 and K, = 0) an ideal demodulation We consider a perfect code synchronization. We choose Walsh
is possible corresponding ti[m] = x;[m). Hadamard codes [10] as those used by the UMTS standard.
The IQ imbalance results depicted in (22) is the same &§e signalry(t) from the first antenna is not spread because
classical 1Q receiver [7]. its associated code (t) is only composed of1". Thus, the
. . performances are given only for the second antenna which is
B. Simulation results coded by a non-unitary codg(t).

Fig. 4 gives the normalized BER evolution as a function of
the gain and the phase imbalance. The power level conditidhs Simulations results
leads to a10~? level of BER under ideal IQ mismatch |n a first time, no IQ imbalance is considered. The
conditions. Simulated performances of the code multipigxi influence of SMI processing is shown in Fig. 5 for the
architecture are compared to the performances of a classig@ structures. We consider only the transmission quality o
homodyne structure. Simulations have been done in the satie second antenna, but the results are equals for eachhanten
conditions described in the next section, the SMI processin
is not considered in this results. The BER evolutions show that, in an ideal case without
According to theory, simulation results show that the nedeco imperfections (no multipath channel, no 1Q imbalance), a
multiplexing architecture has nearly the same sensitadtyhe 3 dB gain is achieved using SMI processing for the two

N
#1lm] =Y {xr[mlK1 + i [m] Ko}y (0),  (21)
k=1

classical homodyne architecture.

— Classical structure

— — —Code multiplexing structure

Relative Bit Error Rate
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Fig. 4. Relative BER versus gain imbalance and versus plmalsalance.

structures. This processing gain is the theoretical rebatta
two antennas system should reach [3].

The structure using code multiplexing decreases the
performances by less than5 dB at aBER = 1072, This
degradation is due to digital aliasing of the noise during th
subsampling step after filtering.

0 1 2 3 4 5 6 7 8 9 10

Eb/NO (dB)

Fig. 5. BER versusﬁ—é’ with or without SMI.



perform by using an Agilent Technologies connected salutio

SSs as presented in [11] by the authors.
w' \ V. CONCLUSIONS
N A novel architecture for an antenna diversity receiver has
) AN\ been introduced. The proposed structure uses orthogotesco
10

to multiplex the different branches through a single 1Q ddmo
ulator. The main objective was to reduce the complexity ef th

Bit Error Rate

3 Classical structure without mi I \\\\‘ analog front'end.

17" ) @ Classcal structure with mismiatct N In this paper, we demonstrate an interesting property of
= = ~ Code multplexing without mismatct N \ this structure concerning its IQ imbalance sensibilitye th
~® ~ Code mulplexing structure with mismalc \\ resulting 1Q influence is the same for each baseband contri-

‘“‘0 s s s e Ty T bution whereas the 1Q influence depends on each dedicated

Eb/NO (dB) IQ demodulator for a classical structure. Associated to SMI
algorithm, this property allows an 1Q sensibility reductiof
Fig. 6. BER versusj’i—g - $=5"andg=1 dB. the multi-antenna system.

The follow-ups of this work are to accurately define the
1 specifications of the analog components to reduce the Higita
. aliasing due to the subsampling step. An extension to multi-
2 channel receiver has to be studied as well as its resulting
complexity-performance trade-off.
A patent is pending on the proposed architecture [6].
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