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Abstract—While a multicarrier approach of achieving frequency
djversity performs well in the presence of jamming, it suffers
from the effects of intermodulation distortion (IMD) due to
power amplifier (PA) nonlinearity. On the other hand, transmit
diversity using multiple transmit antennas has the benefit of no
IMD effects, but suffers from a larger performance degradation
due to jamming compared to the multicarrier approach. Hence,
hybrid diversitly schemes which use both multicarrier as well as
multiple transmit antennas are of interest. Techniques to sup-
press IMD effects in such hybrid diversity schemes are impor-
tant. In this paper, we propose a minimum mean square error
{(MMSE) receiver to suppress the intermodulation distortion in
a coded multicarrier multiple transmit antenna (P transmit an-
tennas) DS-CDMA system with M subcarriers on each transmit
antenna. The system uses rate-1/M convolutional coding, inter-
[eaving and space-time coding, We compare the performance of a
(M =4, P = 2)scheme and a (M = 2, P = 4) scheme, both hav-
ing the same diversity order. We show that the proposed MMSE
receiver effectively suppresses the IMD effects, thus enabling to
retain better antijamming capability without much loss in per-

formance due to IMD effects.
Keywords — Multicarrier DS-CDMA, multiple transmit antennas, interfer-
_ ence suppression, MMSE receiver, intermodulation distortion.

I. INTRODUCTION

Broadband communication using code division multiple ac-
cess (CDMA) can be achieved either by using a single carrier
wideband direct-sequence (DS) waveform or by using sev-
eral disjoint, narrowband DS waveforms on multiple subcar-
riers. Multicarrier (MC) approach offers several advantages
including robustness in fading and interference, operation at
lower chip rates (and hence lower device clock speeds and
device power consumption), and non-contiguous bandwidth
operation. Several studies have analyzed the performance of
multicarrier DS-CDMA systems under various scenarios [1]-
[4]. While the multicarrier approach offers frequency diversity
benefits and performs well under jamming conditions, a main
concern with it is the of intermodulation distortion (IMD) and
harmonic distortiont due to nonlinearity of the power ampli-
fier (PA) [5]. More recently, the use of multiple transmit an-
tennas as a means to achieve (transmiy) diversity has gained
increased importance owing to its ability to considerably in-
crease the data rates on wireless fading channels [6]-[8]. Ac-
cordingly, multicarrier schemes with multiple fransmit anten-
nas have been investigated in recent studies [9],{10]. In [9],
multiple transmit antennas have been used with a motivation
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to remove the correlation between the different subcarriers in
a multicarrier system. In [10], we have shown that, in order to
achieve a given system diversity order, a hybrid diversity ap-
proach which uses both multicarrier as well as multiple trans-
mit antennas is superior compared to a pure muiticarrier ap-
proach (frequency diversity alone) or a pure multiple trans-
mit antennas approach (transmit diversity alone), particularly
in the presence of both PA nonlinearity as well as jamming.
Techniques to suppress intermodulation distortion in such hy-
brid diversity schemes can further improve performance. In
this paper, we propose a minimum mean square error (MM SE)
receiver to suppress the intermodulation distortion effects ina
coded multicarrier multiple transmit antenna DS-CDMA sys-
tem with M subcarriers on each transmit antenna, The system
uses rate-1/M convolutional coding, interleaving and space-
time block coding. We show that the proposed MMSE receiver
effectively suppresses the IMD while retaining better antijam-
ming performance.

The rest of the paper is organized as follows. In Sec. II, the
system model including the multicarrier, multiple transmit an-
tenna DS-CDMA transceiver and the nonlinear PA model are.
presented. Sec. I1I presents the proposed MMSE receiver for
the system considered. Sec. [V presents the coded bit error
rate {BER) performance results. Conclusions are presented in
Sec. V.

) I1. SYSTEM MODEL

We consider a coded multicarrier DS-CDMA system with K
users, each having P transmit antennas with M subcarriers on
each transmit antenna. Here, we describe the system mode! for
the case of two transmit antennas (i.e., P = 2) for simplicity!.
Fig. 1 shows the transmitter with two transmit antennas. The
information bits are first encoded by a rate-1 /A convelutional
coder, the output of which is interleaved, space-time coded
and mapped on to the two transmit antennas. On each transmit
antenna path, a multicarrier modulator (with M subcarriers)
followed by a nonlinear power amplifier is employed.

The space-time coding used {7] is explained as follows. Let
bgk) and bg‘) represent two consecutive bits of the kthuser. Let
T represent one bit interval. Letul® = {a{® (¥ .. 4}
and v(®) = {vik),vgk), " ,vﬁ)} denote the coded and in-
terleaved symbol vectors corresponding to the bit intervals of
b(lk) and b(k), respectively, During time interval 0 to T, the

1Extension of the modzl for 2 > 2 (up to P = 8} using orthogonal space-
time codes [8] is straightforward.
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Fig. 1. Multicarrier DS-CDMA transmitter with two transmit antennas.

Tx Antenna 1 | Tx Antenna 2
time ¢ ul® vk
timet+ T vE) —ul®
TABLE1 '

SPACE-TIME TRANSMISSION SEQUENCE ON 2 TX ANTENNAS OF USER k.

space-time encoder transmits u®) on transmit antenna 1 and
v{*) on transmit antenna 2. During time interval T to 27,
the space-time encoder transmits v'#) on antenna 1 and —u(*)
on antenna 2 (see Table I). On each transmit antenna path,
a multicarrier modulator with M disjoint subcarriers is used.
The bandwidth on each of these subcarriers is W/M, where
W is the system bandwidth. The mth element in a space-
time coded symbol vecior modulates the mth subcarrier, after
being multiplied by mith spreading sequence of the kth user
empm=12,..., M. k=12,... K.

The signal at the output of the multicarrier modulator on the
pth-transmit antenna path of the kth user, spx(t), p = 1,2,
k=12,...,K,is given by

oo M
spplt) = A Z o T b (t= 3T — 7 )oos(wmt + B i}, (1)
i=—ocom=1

where A is the signal amplitude, éf,? ok € {1} represents
the data stream that modulates the mih subcarrier of the pth
transmit antenna of the kth user, wy, is the mith subcarrier fre-
quency, 7y is an arbitrary time delay of the kth user, uniformly
distributed in [0, T, 8., k represents the random phase of the
mith subcarrier of the kth user, uniformiy distributed in [0, 27},
and fm, k() is a spreading waveform given by

N-1
() =Y allh(t —nMTL), @

n=0 -

where aﬁ,?')k € {£1} is the nth chip of the spreading sequence
on the mth subcarrier of the kth user, N is the processing gain
{which is taken to be equal to the period of the spreading se-
quence), h(£) is the impulse response of the chip shaping filter,
and 1/T, is the chip rate of a single-carrier (SC) DS-CDMA
system that occupies the same spread bandwidth W as does
the multicarrier system, ie., ' = NMT,. The output of
the multicarrier modulator, s,4(2), drives the power ampli-
fier, Since the PA is nonlinear and at its input is the sum of the
modulated signals on the M subcarriers, the PA output will
contain intermodulation and harmonic terms.

A. Nonlinear PA output

If the input signal to the PA is the sum of A subcarriers with
equally spaced frequencies (i.c., the mth subcarrier frequency
Wm = W -+ mAw, m = 1,2, .., M, where Aw is the fre-
quency separation between two consecutive subcarriers), then
the signal at the output of the PA, g(t), can be written as [5]

v
o AT
Re{m(:’woz)- E ew(jg (mam+s.,,)1m)
= oo m=]

ot} =

AR TRPRY §
hdig+. +ipp=1)

-au;n.lg.....z,w)}. &)

where I, I, ..., Iny can take integer values such that the pat-
tern {11, Ja, ..., fa} indicates a specific tone with frequency
(wot I Aw+2L Aw+3IAw+. . .+ Iy M Aw) at the output.

- These output tones (corresponding to different tone patterns)

whose frequencies fall outside the system bandwidth, W, can
be ignored, and only those tones whose frequencies fall within
W are of interest. Also, the conditionI; + Ip-+... + Iy =1
in {3) implies that only the odd-order IMD terms are constd-
ered. Further, only the 3rd- and Sth-order IMD terms are nor-
mally considered as higher odd-erder IMD term amplitudes
are very small. The term G{t; Iy, o, ..., Iyr) in (3) repre-
sents the amplitude of the output tone due to the tone pattern
{1, 13,...,Im}, which can be approximated as [5]

5 M -
Gltiln oy Ty = 3 va || dm (et @
a=1 m=1

where A,,(t) is the signal amplitude of the mth subcarrier,
Jn() is the Bessel function of the first kind and n** order,
v, 8 = 1,2,.§ represent the complex coefficients in the
expansion having S terms {taken to be 10),and 0 < e < 1 [5].
From (1), the instantaneous amplitude of the mth subcarrier
signal at the nth chip in the ith symbol on the pth transmitting
antenna of the kth user is given

A p (T + nMTe) = AR G (9
where (") is the impulse response of the chip shaping filter
sampled at the chip interval. By substituting the amplitude in
(5) and the corresponding phase of the input signal into (3),
and ignoring the higher order IMD terms other than 3rd- and
5th-order terms, the signal at the output of the PA can be ob-
tained as

o M '
Bl = D Y Ky kO Ky X 18 ©
i=—o0 =1 . .
x}'gﬂ)_hh(z) = c?’("ﬂ).p.k Z Frmy i (4 =T — TpJeoslwmt + 81y u ) (B
{on .
where {I(m)}, I = 1,3, 5, represents the sets which form all
patterns of I-th order IMD on the mith subcarrier, and
N-1
Proma(t) = Y alon rimy(t — nMTe), ®
n=0
where ar(m),x 15 the equivalent intermodulation chip sequence
corresponding to the tone pattern {(m). For example, if the
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Tlafoy 1 i)

Fig. 2. Receiver for multicarriar DS-CDMA. with two transmit antennas

tone pattern is {0,2,-1,0}, then the corresponding a (). is

given by aa pas rask. For a rectangular chip shaping filter,

hite) () = G p(my () computed from (4},

B. Signal Combining at the Receiver

We assume that the channel fading is independent from one
subband to the other and is frequency non-selective within
each subband. We further assume that the fade remains con-
stant over the quasi-static interval of 2T time units. The
channel transfer function for the mth subband on the pth

transmit antenna of the kth user is given by A, mpok

Crm,p k €2} Bm,p, k), Where the {@m p i} are assumed to be

iid Rayleigh rv's with a unit second moment, and the

{Bm.p,x} are i.i.d uniform rv’s in [0,27]. We also assume

that the signal gets jammed by a narrowband jamming signal.

We consider one receive antenna at the receiver (although the

model is easily extended to any number of receive antennas)
- The received signal can be written as

ﬂzzzzwmk

k=l p=1,2i=—o0 m-—

)+ X, k(t) )

+ Ko, ,,m) +@ )+ ),
where
o ak® = Am,,, ke » kZp,(m) (i — fk} (10)

()}
. CD‘S(LJ"-‘J + Hf(m)‘k)l

(L) 15 AWGN with two-sided psd of i§ 2.

We assume that user 1 is the desired user whose timing and
chanmel coefficients are perfectly known at the receiver. The
receiver for the desired user is shown in Fig. 2. The signal
combining at the receiver for the space-time coded transmis-
sion with two transmit antennas is done as follows. Consider
the chip sampled output at the output of the despreader for the
mreth subcarrier during ith symbol. Let yg,),ym) denote the
N -chip vector output of the despreader of the mth subcarrier
during the first and second time slots (i.e., 0to 7' and T to 2T").
These two slot outputs are linearly combined (space-time de-
coding) to generate N-chip vector outputs corresponding to
the first and second symbols. Accordingly, the linearly com-
bined N-chip vector output for the first symbol, 2,0y, and
output for the second symbol z,,,(2y, are given by [7]

A, lym’ + An 2y P {1

Ly, (12)

Zm{1)

Tz =  An 21¥ — A,

where A7, . represents the complex conjugate of the channel
transfer function Ap, pp = G ,pk€2P(J8m pi). Because of
the harmonic and IMD terms present on each antenna path,
{11y and (12} can be written as

_ i + (i +
Zm(i) —Z {Cm.p.lCE.:),p,lam.l - Z C3(m).p,103(1n),p.1aa(m).1

p=1,2 {3a(m)}
+ Z Cﬁ(m).p.lcé}L),p,xaam),l} +1n +Jm +0m, (13)
{5(m)}
2
where Cnpt = 02,515 Crim)p o 1 1€08{0r(my,1 —

81,1), I, and n, are the output vectors due to the jamming

_signal and AWGN, respectively, 1, is the output vector due to

the other users interference in the mth branch, and is given by

2 Z z {gm-p I:[Cm p,kam k + Cm Py kam k]

k=2p=1,2

m=

+ Z 53(m),p.h[63(m).p.kaa(m),k +C‘3fm1,p.ha§(m),n]
{8(m)}

. + i1 _
+ Z fs(m).p.k[Cg(m),p,kas(m).k + C‘s(m),p.kasrm),k]}s (14)
{5(m}} . . '

where .S,?,,,,;.. = O p,1 O, kCOS(Om i + Bmop ok
ﬁm,k.l), fl(m).p,k = am.p,lam,p,kcos(el(m),k + Bm,p,k -
Brn,, = Bm.k..), and aT are the cross-correlation vectors af-
ter the despreader within the ith symbol of the desired signal.
The elements of vector a® are given by

— gm.l -

) = UEMTe = r)al) s kUM Te - 1)

I(m) .
F
+ (v - MTa e 4 = = yaaTe) E ol Frimyn (39 Te = ), a9

o= /Tl

eyl = Ul = G naTaeld) Fr L GMT - )
' Frd Tel-1
+(vime - iMTa B -G+ uMTa) Y o B aM T - ), 08
m, 141 (m),
a=j ’

.~ where U (t) is a unit step fanction. Note that

N-1
fm.k(t) = {n) '!J(t - nMT),

n=l -
where y(t) is the output of the chip matched filter. In the ab-
sence of an MMSE receiver to suppress IMD, the N elements

amn

- in the vector Z,,(i) are summed up, the result of which is

given as soft input to the deinterleaver/Viterbi decoder {10].
Here, we propose the following MMSE receiver at the de-
spreader output on each subcarrier to suppress the IMI} and
obtain an-upper bound on the coded BER performance.

ITIT. MMSE RECEIVER

The MMSE receiver on the mith subcarrier receives the stream
of z,,, vectors (we have omitted the index 4 for notational sim-
plicity) and chooses the tap weight vector that minimizes the
conditional mean square error (MSE), conditioned on all pa-
rameters of the desired user and certain parameters of the MAI
and IMD, ie., {a}t(m),k}. The MSE is given by
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MSE = E{w 20 — cm}%,

where w,,, is the N-element tap weight vector, ¢y is the data
bit on the mth subcarrier (omitting all indices in ¢ other thanm
for notational convenience), and ' denotes transpose operation.
The optimum tap weight vector (W, ) ope is given by

(Wm)opt = R;l Bm, (19

where R,,, = E{z,,z!,} and g,,, = E{c;2,}. Therefore,
the soft output from the mth-MMSE filter is givén by

(20)

where 5, is desired signal component at the mth MMSE filter
output and I M, represents the undesired components due to
IMD, MAI and AWGN, Note that {&,, } output from each sub-
carrier MMSE filter are passed to the deinterleaver, the output
of which is fed to the Viterbi decoder.

Em = (wm);ptzms =8n+IM, -

A. Output SINR and Bound on Coded BER

The desired signal component at the MMSE filter output is

given by '
Sm = (Wm)opeDim, 21)

where D, assuming rectangular chip waveform and ignoring

ICl, is given by

D, =Gicmln, Z Gm,p,1s

p=1.2

(22)

where 1, is an N -dimensional vector of all ones. The unde-
sired components at the MMSE filter output is given by
IMp = (Wm):;pt(zm — D). 23)
The average output signal-to-interference-plus-noise (SINR)
ratio on the mth subcarrier branch is then obtainedas
= ElISnl)
" B{({IMn|*}

From this output SINR, a bound on the coded BER perfor-
mance of the system can be obtained as given in [2]. Asin [2],
the probability of bit error may be union bounded as

@4

< Cﬂ—‘(DI:--D A,f,,u)

Py
dye =1, D g =1/ {14Fm) m=1,..., M

v (25)
where T(D,..., Dp, p} is the transfer function of a given
convolutional code. Here, we consider a rate-1/4 convolu-

tional code with constraint length 3 whose transfer function
is given by [3]

2pdp3p2p2 253p3p3 _ J2p3pdpipt
# Dy Dy DDy + uDy DDy Dy — w*Dy Dy DDy
I—DyDgD3D4—p2D?+p2D§D§Dg

T 1,Dg,D3,D4,p)=

a6

Substituting {(26) into (25) results in the upper bound on the

probability of bit error. For a rate = 1/2 convolutional code
with constraint length 3, the transfer function is give by [3]

#DID3 4 DYDY - DIDYK?

T{(Dy
(Pl 1-2Ddp 147+ DR

Y-

@7

(18) .

[ NC wiro2 M0
— MC wlr WD, No MheSE
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Q 1 2 3 4 £
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Fig. 3. Probability of bit error in the presence of IMD without and with
MMSE receiver. P =2, M = 4, K = 1.

IV. PERFORMANCE RESULTS

In this section, we present the numerical results of the coded
bit error rate (BER) performance of the system in the presence
of IMD with and without the MMSE receiver. Fig. 3 shows
the coded BER as a finction of Ej /7jq for the single user case
(K = 1), for number of transmit antennas P = 2, number of
subcarriers on each transmit antenna M = 4, and rate-1/4 con-
volutional code of constraint length 3. The input amplitude to
the PA is taken to be 0.7 per subcarrier. Fig. 3 shows the per-
formance without IMD (which gives the best possible perfor-
mance) as well as with IMD (because of which performance
degrades). In the presence of IMD, the performance without
and with MMSE receiver are plotted. We show both the upper
bound on the coded BER obtained using (25) as well as the
coded BER obtained from bit error simulations. As expected,
in the presence of IMD with no MMSE, the performance de-
grades compared to that without IMD. It is seen that when the
MMSE filter is used, the performance improves significantly
because of the ability of the MMSE filier to suppress the IMD
components. The bound is found to be reasonably close to
the simulation results for large SNRs and loose at low SNRs,
which is expected from the union bounding.

In Figs. 4 to 6, we compare the performance of two systems,
namely, a {P = 2, M = 4) system with with rate-1/4 cod-
ing (i.e., 2 Tx antennas and 4 subcarriers on each Tx antenna),
and a (P & ,M = 2) system with rate-1/2 coding (ie., 4
Tx antennas, 2 subcarriers on each Tx antenna), in the pres-
ence of IMD without and with the MMSE receiver. Note that
the diversity order (8th-order diversity) and the system band-
width (W) in both these systems are kepl the same. A com-
parison of the performance of these two systems, without cod-
ing and no IMD suppressing MMSE receiver, was presented
in [10], where it was shown that a) in the absence of IMD
and jamming, both (P = 2 M = 4)and (P = 4 M =.2)
systems performed identical (because of same diversity or-
der), b} in the presence of jamming alone and no IMD, the
(P = 2, M = 4) system performed significantly betler than
the (P = 4,M = 2) system (because more the number of
subcarriers better is the performance under jamming condi-
tions), and c¢) in the presence of both IMD and jamming; the
(P = 2, M = 4) system loses its performance due to severe
IMD effects. Our intent here is to suppress the IMD effects us-
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Fig. 4. Probability of bit error in the presence of IMD without and with
MMSE receiver for a) (P = 2, M = 4) systemand b) (P = 4, M = 2)
system. K = 1. ’
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Fig. 5. Probability of bit error s number of users in the presence of IMD
without and with MMSE receiver for a) (P = 2, M = 4) system and &)
{r 4 ,M»—- ) system. cvppvp0 — o dB.

ing the MMSE receiver and reduce the loss due to IMD, while
retaining better antijamming performance. Our resuits in Figs.
4 1o 6 illustrate that this intent has been achieved effectively.

Fig. 4 shows the single user perfermance as a function of
Ey /np in the presence of IMD, without and with MMSE re-
ceiver. The performance without IMD and no MMSE is also
plotted for comparison. The difference between the perfor-
. mance of the (P = 2, M = 4)and the (P = 4 M = 2)
systems, for the case without IMD and no MMSE, is due to
the coding gain difference between rate-1/4 and rate-1/2 cod-
ing schemes used, with (P = 2, M = 4) scheme performing
better due 1o rate-1/4 code used). However, in the presence of
IMD, it is observed that without MMSE, the (P =2, M = 4)
system performs worse than the (P = 4, M == 2} system, be-
cause of a greater loss due to IMD effectsinthe (P = 2, M =
4) system. However, when the proposed MMSE receiver is
used in the presence of IMD, the (P = 2, M = 4) system
performs as good as the (P = 4, M = 2) system, essen-
tially suppressing IMD and compensating for.the loss due to
IMD effects. A similar performance gain due to IMD sup-
pression by the MMSE receiver is also observed in the pres-
ence of multiple users (MAT) as iilustrated in Fig. 5. More
importantly, while the (P = 2, M = 4) system with MMSE
behaves as good as the (P = 4 M = 2) system, its anti-
jamming performance is much-superior compared to that of
the (P = 4,M = 2) system, which is illustrated in Fig. 6.

noul 14D, Ho MMSE
P = 4wt (MO, MMSE {Simuiabon)
M=2,P =4, yalh IMO. MMSE [Uppsr Boundy

Protabikty of BE Evor

m‘:_’_/_,_//
mpul amgAlLde = 0.7, sngte user
Ettn, = 108

o 6 10 13 E S a0
ISR ()

Fig. 6. Probability of bit error vs JSR in the presence of IMD without and
with MMSE receiver fora) (P = 2, M = 4)systemand b} (P =4, M = 2)
system. Ey /g = 10 dB.

Fig. 6 shows the coded BER performance as function of jam-
ming signal-to-signal ratio {JSR). The jamming signal band-
width is taken to be W, 4Hz which is centered around 34/

1t 1s observed that in the presence as well as in the absence
of IMD, the (P = 2, M = 4) system offers superior perfor-
mance compared to (P = 4, M = 2) system, particularly at
high JSR conditions. Thus, the proposed MMSE scheme ef-
fectively suppresses IMD and reduces the performance loss
due to IMD, while retaining better performance under jam-
ming conditions. .
V. CONCLUSIONS

We presented a design of a multicarrier MMSE transceiver
to suppress intermodulation distortion introduced by the non-
linear power amplifier in 2 DS-CDMA system using muitiple
transmit antennas. The results demonstrate that the proposed
coded MC MMSE system can offer better performance than
does the system without MMSE in the presence of IMD MAI
and jamming, and also achieve coding gain, without requiring
knowledge of other users’ spreading codes, timing or phase.
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