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BER Analysis of M-QAM with Packet Combining over
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Abstract— We analyze the bit error rate (BER) performance of
M-ary quadrature amplitude modulation (//-QAM) when using
space-time block coding (STBC) along with packet combining
triggered by automatic repeat request (ARQ) retransmission
over multiple-input multiple-output (MIMO) fading channels.
Specifically, adopting a log-likelihood ratio (LLR) based ap-
proach and considering the 16-QAM case of study, we provide
an exact formulation for the aggregate LLR distribution in
the case the STBC codeword can be transmitted twice, and
derive the resulting BER. For higher number of retransmissions,
an approximation of the error function is used to derive the
LLR distributions and the system’s ensuing BER. Considering
different values of combined transmissions and AM-QAM with
possible constellation rearrangement (CoRe), validation of the
proposed BER analytical model through simulations and as-
sessment of the advantages of packet combining are provided
for transmissions over additive white Gaussian noise (AWGN)
channel and orthogonalized MIMO Rayleigh fading channels
with different STBC mappings.

Index Terms— Space-time block coding (STBC), ARQ, packet
combining, BER, logarithmic likelihood ratio (LLR), multiple-
input multiple-output (MIMO), Rayleigh fading.

I. INTRODUCTION

EVELOPMENT of transmission techniques aiming at

improving the data rate and providing reliable commu-
nication over mobile networks has recently witnessed consid-
erable interest especially with the advent of the multiple-input
multiple-output (MIMO) technology. Indeed, since the work
by Foschini [1] and Telatar [2], a lot of efforts were dedicated
to the study of antenna array systems, both to evaluate the link-
level performances and to present coding techniques suitable
for the MIMO technology. One of the most simple and
attractive techniques is space-time block coding (STBC), first
proposed by Alamouti for two transmit antennas [3] and then
extended to other MIMO configurations in [4]. In MIMO
systems, the use of STBC in conjunction with link adaptation
techniques can also allow coping with the varying nature of
the propagation conditions to optimally exploit the available
capacity of the channel in order to maximize throughput and
satisfy delay and error rate requirements [5].

Link adaptation can be performed in various forms, for
instance, in the form of automatic repeat request (ARQ)
retransmission implemented at the link layer. In an ARQ
protocol, link layer acknowledgements are used for retrans-
mission decisions, whereby an erroneously received packet is
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eventually retransmitted until the packet is correctly received.
In its simplest form, the ARQ protocol is of type I (ARQ-I)
where each retransmitted packet carries the same information
as in the original transmission [6]. ARQ-I is considered for
future high-speed wireless networks, and is already adopted
in systems such as High-Speed Downlink Packet Access (HS-
DPA) [7]. To reduce the delay effects of the protocol and avoid
buffer overflow, the latter can be implemented in a truncated
form, wherein the number of retransmissions is limited. Upon
reception of a negative acknowledgement (NACK), sent by
the receiver to the transmitter as a retransmission request over
the reverse channel, retransmissions can continue until the
packet is correctly received or a preset maximum number of
retransmissions is attained. Mapping diversity, in the form of
constellation rearrangement (CoRe) such as the one used in
HSDPA [7], can also be used to improve the transmission
reliability. The performance of ARQ-I protocol can further be
enhanced through simple processing at the receiver. Indeed,
instead of discarding packets that are received in error, packet
combining can be implemented at the receiver [6], [8]. Using
ARQ-I with packet combining, the number of retransmissions
required for a correct packet reception can be reduced, thus
increasing the system performance not only in terms of delay
but also reliability and throughput efficiency.

Herein, we consider a MIMO STBC system employing M-
ary quadrature amplitude modulation (M -QAM) and imple-
menting ARQ-I with packet combining. Our study is intended
at evaluating the bit error rate (BER) performance of the
system when multiple received replicas of the STBC codeword
are combined at the receiver. Accordingly, packet combining
is also referred to as code combining and terms are used
interchangeably throughout the paper.

The BER performance of MIMO STBC has previously
been studied considering different modulation schemes and
various channel models. Two main approaches can be used
for this purpose. The first relies on converting the MIMO
system model into an equivalent single-input single-output
(SISO) model [9] [10], and the second is based on a log-
likelihood ratio (LLR) approach [11]. Studies considering the
combination of adaptive modulation and coding (AMC) with
truncated ARQ for packet data transmission in MIMO-STBC
systems have also been presented [5].

Compared to previous works, the main contribution of this
paper is the performance analysis of MIMO-STBC when
ARQ is used along with packet combining. More specifically,
we combine both methods to present a general analysis for
the BER performance of STBC used in conjunction with
packet combining in MIMO Rayleigh fading channels. In
the analysis, an LLR-based approach, which is transparent
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Fig. 1. System model.

to the modulation used in each transmission, is adopted.
Herein, we consider M-QAM with fixed modulation levels
among transmissions, and provide our analysis for M = 16
when using ARQ with packet combining. The latter is also
considered in [12] where the focus is on the evaluation of
the BER performance of 16-QAM in additive white Gaussian
noise (AWGN) channel. Compared to the work therein, this
letter considers a MIMO-STBC setting under Rayleigh fading
and presents an exact analytical expression for the LLRs used
in formulating the system’s BER considering two combined
M-QAM transmissions. Furthermore, by means of a simple
approximation of the error function erf(.), we provide analyt-
ical formulation for the BER resulting from combining more
than two transmissions.

The derived LLRs can be used for soft-input decoding
in turbo-coded transmission as in HSDPA [7]. Moreover,
even though the analysis is presented for 16-QAM, it can
straightforwardly be extended to other M -QAM modulations,
for coded transmission, and further elaborated for the analysis
of the system under consideration when link adaptation, in
the form of AMC and power adaptation, is used under
partial channel information knowledge. The proposed BER
analytical framework is corroborated through simulations for
different STBC mappings, QAM with M = 16 or 32 and
possible constellation rearrangement, and various values for
the maximum number of allowed ARQ retransmissions.

The following content of the paper is structured into six
sections. Section II presents the system and channel models. In
Section III, we provide a general formulation for the bit LLRs.
The probability density functions (PDF) of the aggregate bit
LLRs are derived in Section IV, and then used in Section V
to evaluate the system’s BER. Comparisons of the analytical
results with simulations are presented in Section VI, followed
by conclusions drawn in Section VII.

II. SYSTEM AND CHANNEL MODELS

We consider a wireless communication system where data
transmission is organized in packets and ARQ is implemented
to retransmit an erroneously received packet up to L —1 times.
The communication system is equipped with nT antenna
elements at the transmitter and ny antenna elements at the
receiver as illustrated in Fig. 1, wherein the upper indexing
(.)(l) is used to denote the parameters and signals pertaining
to the I*' transmission with | = , L. The MIMO
channel is assumed to be a slowly-varying flat Rayleigh fading
channel with the gain of the link between the " transmit

and jt receive antennas at transmission [, hg 3, defined by
a zero-mean circularly symmetric complex Gaussian random
variable with unit power. In order to form a packet of K
symbols, every K log, M information bits {bm}Klog2 are
mapped into symbols {3 % )} % which are selected from a M-
QAM constellation C(!) with average energy Ej. Moreover, at
each transmission [, a constellation rearrangement [7] can be
utilized, hence the use of the parameter [ in the constellation
notation, i.e., C(). The resulting symbols {s,(cl)}kK:1 are then
encoded by a space-time block code defined by a p X nr
columnwise orthogonal transmission matrix G,... The entries

of the resulting matrix G\) = [cglz]f T are linear functions

of {sk)}k , and their con]ugates At each time slot ¢, t =
1,...,p, the t™h row of gnT is transmitted simultaneously
through the nr antennas. The symbol transmission rate R is
defined as the ratio between the number of received symbols
K and the STBC codeword duration p, i.e., R = K/p. For the
Ith packet transmission, the signal received by the j*" antenna
at time ¢, t =1,...,p, is given by

Zh/i o)+t (1

where nt 5 ~ Nc(0,Np) is a zero-mean complex Gaussian
noise with variance Ny/2 per dimension. The signal-to-noise
ratio (SNR) per receive antenna is given by FE;/Ny, where
E, is the average power of the received signal at each
receive antenna. Considering normalized average power over
the transmit antennas, the average energy of the M-QAM
constellation C() is given by [9]

(2M—2)d2 B

Ey = =
0 3 nraR’

2

where 2d is the minimum distance between two symbols of
C(l), the same for every transmission [, and @ is a constant
which depends on the considered STBC matrix G, [9],
[10]. Assuming that the channel coefficients are known at the
receiver and using the SISO equivalency of the MIMO STBC

model [9], [10], the received signal pertaining to the [*" packet
transmission can be written as
_aHH(l)H2 C k= 17 7K7 (3)
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Fig. 2. 16-QAM constellation using Gray mapping.

where HO = [h(l)]?j‘ ", || - |lr is the matrix Frobenius

norm', and ¢!V ~ A, (0, o H® |2 Np). Equation (3) can be

reformulated as

gl(cl)_sl(c) (l)7 k‘Zl,---,K7 (4‘)

Al 7
where 5\ = oz and ) ~ N0 ,W) As can be
seen, the equivalent §ISO model is a set of K parallel AWGN

channels, each with noise variance Né ) = W' Finally,

defining p) £ |H® |2 which follows a Gamma distribution,
the instantaneous SNR per symbol at the [*" transmission is
given by v = pE, /(npRNy) and distributed according
to the PDF

(,y(l))nTnR—l

— (l)/f
F(nTnR) WnTnRe K 77 (5)

fy ('V(l)) =
where 7 £ E,/(ntRNp) and T'(-) is the Gamma function.
In the following, even if the LLR model is presented con-
sidering the 16-QAM case of study and the mapping presented
in Fig. 2, extension to other M-QAM modulations can easily
be obtained following the procedure described hereafter.

III. BiT LLRS UNDER PACKET COMBINING

At transmission [, the LLR )\SL) i corresponding to bit by,
m=1,2,3,4, of symbol sg, k =1,..., K, is defined as [11]

)\(l) 1 Pr{bm = 1|Sk-, H}
m.k Pr{b = 0|3, H} 6
~log D esw exp(—l3k —e1ll?/a7;) ©

D epes® exP(—I8k — col?/07 )’

where Sﬁ,?) (S,(ﬁ)) is the group of symbols cg (c1) with the m!"
bit index equal to zero (one), a,%y ; = Np in the case of AWGN
channel, 0,26, L= N(gl) when considering MIMO Rayleigh
fading channels, and for convenience we dropped the indexing
(.)® from the data and channel matrix notations. Using

'The matrix Frobenius norm of an 7 x ¢ matrix M = [my, k] k=1 is

defined as ||M||2, = > St Imyx|? = trace (MMH), where ("
stands for the transpose conjugate operator.

the standard Max-Log approximation, log(}_, exp(—X;)) =~
— min; (X;), the bit LLR (6) can be expressed as [11]

min |8, — col|® —

1
A N min |5 — ¢1]?
.k O—]%-_’l CQES( ) 6165( )
@)

Assuming Gray mapping, the signals in the phase-
quadrature components can be perfectly separated at the
demodulator. Moreover, results over the real (Inphase) and
imaginary (Quadrature) dimensions being equivalent, we re-
strict our analysis to the bits corresponding to the real part of
the transmitted symbols (bits at even positions). In this vein,
the above bit LLR at positions m = 2,4 can be reformulated
as [11]

—4¢é”§kz if [847] < 2d
)‘Z(Ll,)k =< 8o\(d—3) L if S > 2d (8)
8 (d+841) ,if $pr < —2d
and, z l
A = 49 (8| - 24), ©)

where §;; = R(8)) and w,(cl) = d/”}%,r

Among various soft-output packet combining schemes, the
add-LLR is known to be a simple method that does not
increase the decoder complexity while being throughput-
effective [8]. Assuming add-LLR combining, the aggregate
LLR resulting from combining L transmissions of the same
symbol is given by

L
l
k(L) = DA, (10)
=1
while when considering constellation rearrangement, it is
expressed as
L
l
Ly=> a9, (11)
=1

where m() denotes the bit’s position at transmission | of
bit b, initially transmitted at position m, and bit LLRs are
either subtracted or added to the aggregate LLLR depending on
whether their signs were changed or not compared to the first
transmission.

IV. AGGREGATE LLR DISTRIBUTIONS

Bit LLRs for the single transmission case follow piecewise
Gaussian distributions [12]. Indeed, the bit LLR PDF cor-
responding to index m = 4 of the transmitted symbols sy,
k=1,...,K, is given by

paA sk, vl)) =

OO+ sip)? )

: 1) 1)
16dw(z) , if |)‘4,k‘ < 8dyy,

\/7716dz/1(l) (

OB +80H (s —a)? NG) 0
ﬁaﬁﬁ ( e ) AL < 840,

KOO

Ay T8y (spr+d))? (D) )
/rmw(” ( 61d50) L if Ay > 8dyy,

12)



802 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 7, NO. 3, MARCH 2008

and the one corresponding to the bit with index m = 2, is
given by

l l
P2 (A lskr,vy)) =
49 (spr—2d))?

1 ()\(l)
V/r16dy? P 16dyy") -
A +aw! (ser+2d))? RO
exp ( b Vif A > —8dyy)

0 VIE A < —8dyy).
13)

Considering independent channels from one transmission
to another, the aggregate LLR distribution is equivalent to the
convolution of individual LLR distributions defined for each
transmission of the same symbol sj. Moreover, since the effect
of CoRe is a simple swapping of bits and/or modification
of their signs [7], the LLR distributions remain Gaussian
piecewise functions. Hence, analysis of the LLR distribution
is quite the same with or without CoRe. Thus, to alleviate
notations, we hereafter consider no CoRe. The aggregate bit
LLR distribution after L transmissions is then given by

* pm(>\$,i)k |3k:I)7
(14)

pm()\m,k(L”SkI) = p'rrz()\gyll?k|3k]) k.
where * denotes the convolution operator.

To evaluate (14) and provide analytical expressions
for the aggregate LLR PDFs, we introduce the function
f(z, u1, 2, 91,99, 12,71) defined in (15), where erf(-) is the

P 2

error function defined by erf(z) = % Jo e~* dx. The func-
tion f(z,u1, 2, V1,2, 72,71) can be seen as a generalized
convolution function. Indeed, f(z, p1, 12,91, 92, +00, —00)

is equivalent to the standard convolution of two Gaussian
functions.

Considering two transmissions (L = 2) and using the
definition of f, the PDFs of the aggregate LLRs A, 1(2), m =
2,4, are shown in (16) and (17), where for convenience we

used the following notations: U = {uw}” L V= {Uza }l 1
and W = {w;}2_, with
[ —Sw}il)(skl +d) —41/1,2,1)Sk1 _Swl(cl)(SkI —d)
U= 64y 16dap 64dy."”
= | _gp®@ @ e @ ;
81/)k (Sk] + d) 4'¢Yk SkI 8?/}k (Sk] d)
i 64dep”) 16dq > 64dip”
4¢k1 (spr — 2d) —41&,&”(8;61 + 2d)
V= | 4P (spr —2d) 4y (s +2d) |
L 16dpY 16y
W= [ —sdy) —sdy?

and we assumed wy > ws.

These PDFs are represented by piecewise functions formed
by the sum of f(z, 1, po,¥1,02,72,71) terms. As it can be
seen, the PDF formulae for L = 2 are more complicated
compared to the Gaussian piecewise distributions, (12), (13),
resulting when a single packet transmission is performed
(L = 1). This complexity increases as the number of com-
bined transmissions increases, which makes formulation of
the LLR distributions in closed-form untractable. Indeed, due
to the error function terms, erf(-), involved in the function
f(z, 1, 2, 91,92, 72,71), we need to compute untractable
integrals of the form

/e_xQerf(ax + b)dz. (18)

_w—pp)?
9

T2 1
flz, p1, p2, 91,92, m2, 71 =/ ——c 1 e
( ) 1 TV U192

1 _ = +ua)?
B —s) D1+92

_G-a—pg)?
9

dx

(91 + J9)

PaAak(2)|skr, i, ) =

orf V1(rg — 2z + po) + V2(re — p1) ~orf P1(r1 — 2+ po) + 92(r
H (% + 92)

191192(191 + 192)

—m))] (15

( f(Ak(2), w13, us1, u2s, a1, Aak(2) — w2, —00) + f(Aa,x(2), w13, us2, u2s, Uaz, Ak (2) + w2, A,k (2) — w2)
+f(Aag,1(2), u1s, uss, u2s, uaz, —wi, Aa,x(2) + w2) + f(Aa,x(2), u12, uss, uaz, U4z, w1, —w1)
+f(A4,k(2), ur1, uss, uz1, uaz, +00, wr) S Ak (2) < — (w1 + w2)
F(A4,k(2), w13, u31, u2s, uar, Agk(2) — wz, —00) + f(Ag,k(2), u13, us2, u2s, a2, —w1, Aa,x(2) — we)
+ 1 (Aa,1(2), u12, us2, uz, a2, A,k (2) + wa, —w1) + f(Aa,k(2), u12, uss, U2z, uas, w1, A,k (2) + w2)
+ f(A4,6(2), u11, uss, u21, ua,3, +00, w1) Jif — (w1 + w2) < A x(2) < — (w1 — wa)
F(Aa,6(2),u1,3,us,1,u2,3,us,1, —wi, —00) + f(Aa,kx(2), u1,2,u3,1,u2,2, a1, A1,k (2) — w2, —w1)
+f(A4,x(2), w12, us2, u22, Uaz, Aa,k(2) + w2, Ay 1 (2) — w2) + f(A4,%(2), w12, uss, uz2, uas, wi, Aa,x(2) + w2) (16)
+(Aa,k(2), w11, uss, u21, uas, +00, wi) A — (w1 — w2) < Ak (2) < (w1 — wa)
F(A4,6(2), w13, us1, u2s, ua1, —wi, —00) + f(A4,x(2), w12, usr, w2, us1, Ag,k(2) — wa, —w1)
+F(A4,k(2), w12, us2, u2z, Uaz, w1, A,k (2) — wa2) + f(Aa,k(2), ur1, usz, 1, uaz, A,k (2) + wa, w1)
+f(A4,x6(2), ui1, uss, u21, uaz, +00, Agk(2) + w) L if (w1 —w2) < Ay k(2) < (w1 + w2)
F(Aa,6(2), w13, us1, u2s, uar, —wi, —00) + f(Aa,x(2), w12, usi, sz, usar, w1, —wi)
+f( A4,k (2), urr, ust, u21, uar, A,k (2) — wa, w1) + F(Aa,1(2), 12, usi, vz, uar, Mg,k (2) + w2, A,k (2) — w2)
U (A, . (2), ur1, uss, w2, uas, +00, Mg,k (2) + w2) L if (w1 4+ w2) < Agk(2).
2O (2)lser, v, 0P =
FA2,k(2),v11, v21, V31, V32, A2,k (2) + w2, —w1) + f(A2,£(2), v11, V22, V31, V32, A2,k (2) + w2, —w1)
+f(A2,(2), v12,v21, V31, V32, A2,k (2) + wa, —w1) + (/\2 k(2), v12,v22, V31, V32, A2,k (2) + w2, —w1) (17)

0

L if —(w1 + we) < A2 x(2)

N if Azyk(2) < —(’U.)l =+ ’U_)Q).
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To tackle this problem, we use a simple approximation for
the Gaussian distribution function [13] to express the error
function erf(-) as piecewise polynomial function according to:

—(0.422 — 1.24|z|) sign(z) if |z| < 1.556,

erf(x) ~ ¢ 0.98 sign(zx) if 1.556 < |z| < 1.838,
sign(x) if 1.838 < ||,
19

where | - | denotes the absolute value operator.

By means of this approximation, the aggregate LLR distrib-
utions considering two transmissions (L = 2) can be expressed
in closed-form as the sum of piecewise functions of the form
qj(z) = xle” (ex+5)* i ¢ N, where o and 3 are functions
of s, d and {wk . ,(GL)}. Now, in order to compute
the aggregate LLR distributions (14) when three transmissions
(L = 3) are used, namely, pm()\m,k(?))\sk[,w,(:), ,(f), 123)),
m = 2,4, the primitive of g;(x) is needed. The latter is given
by

Qj(x) = / wlem (g, (20)
where « and (3 are functions of sy, d and {w,(cl), e ,(CL)}.
Using integration by parts, ();(x) can be expressed as

Qj(x) = Pi(z) e”@*0" 4 O erf(ax + §), Q1)

where P;(z) is a polynomial function of degree (j —1), except
for j = 0 in which case it is equal to zero, and C} is a constant
independent of z. Indeed, using the following expressions:

_ merf(ax + f5)
Qole) =0
Ql(x) = —Tize*(o‘x+5)2 ﬁferf(ocm + ﬁ)
20°Q2(x) = (j + 1)Q; () — 20BQ 41 (x) — 2’ e~ (o tM?

we can easily show that

20°Pjo(x) = (j+ 1)Pj(z) — 2aBP; 1 (x) — 2971, (22)
20°Cj2 = (j +1)C; — 208C; 1, (23)
with,
P():O 5 P1:—1/2a2, (24)
CO = ﬁ/2a 5 Cl = —Bﬁ/?oﬂ.

The aggregate LLR distributions for L = 3 are piece-
wise functions composed by the sum of terms of the form
Qj(x). Thus, using (21) jointly with the definitions of
Pj(x) and Cj(x ), an analytical formulation of the PDFs
P (Am k(3 |sk1,wk , (2) ](63))’ m = 2,4, can easily be
obtained. The LLR dlStI‘lblltiOIlS assuming more than three
transmissions can subsequently be deduced. In fact, using
(19), the expression in (21) becomes equivalent to a sum of
terms in the form of g;(«). Therefore, the same analysis used
for L = 3 can be applied for the general case in order to
provide analytical formulatlon of the aggregate LLR PDFs
P (Am k(L )\sk[,z/}k ,...,wk ) m = 2,4, for L combined
transmissions.

V. BER DERIVATION

In the case of AWGN channel, we have 1/),(;) = d/Ny
for [ = 1,---,L. Hence, the aggregate LLR distributions
P (A ( )|5k,¢(1) ey ,(CL)), m=1,---,logy M, can be
denoted by py, (Am,k(L)|sx). The BER considering M-QAM
and using L transmissions can then be expressed as

logy, M
1
PAWGN,L — logQM Z P?WGN,L(m)’ (25)
m=1

where

PAVGNL () = L | 3 / P une(L)]5)AN (L)

ékES(l)

s / P v (L) [5) A (L)

speSY

(26)
Taking into consideration the fact that the LLR PDFs for L
combined transmissions are piecewise functions defined by the
sum of terms of the form g;(x), the analytical expression for
the BER can then be formulated using (19)-(24) and following
the procedure described in Section IV. On the other hand,
when using STBC in MIMO configurations over Rayleigh
fading channels, the parameter dw,(cl) is given by

a = Gy = BT
Ny ¢pnT RNy ¢

where ¢ is a modulation-dependent constant. For instance,
¢ = 10 in the 16-QAM case (2). Accordingly, the LLR
distributions py, (A, x(L)]|sk, ,9), ce ,(CL)) can be denoted
as P Ak (L)|sk, v, ..., 7). Using the derived PDFs,
the general formulation of the BER for the STBC system
with packet combining in MIMO Rayleigh fading channels,
PSTBC.L can then be deduced using (5) and (25) in the
following expression

27)

pSTBC.L _

/0 /0 PIVENEE (v ) (v )y dy .
(23)

VI. NUMERICAL RESULTS

Sample numerical results are now presented to illustrate
the performance of the system under study. BER results are
plotted as a function of the SNR per receive antenna, E/N,
and comparisons between analytical and simulation results are
carried out. For the AWGN channel case, analytical results
are computed through direct use of (25) and (26). As for
the STBC case, in addition to the latter expressions, we use
the Gauss-Legendre Quadrature rule [14] for the evaluation
of the integral involved in the BER computation (28). For
comparison purposes, results pertaining to the reference cases,
with no code combining (L = 1), are also provided.

Fig. 3 illustrates the BER performance when packet com-
bining is used for up to L = 4 transmissions in an AWGN
channel with and without CoRe. The rearrangement used prior
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Fig. 3. Comparison between analytical and simulation results: 16-QAM used
with or without CoRe and up to L = 4 transmissions over AWGN channel.
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to symbol modulation with 16-QAM (Fig. 2) corresponds to
the one provided in [7]. As observed in both cases, analytical
and simulation results are in good agreement, which illustrates
the validity of the proposed analytical modeling for the LLR
PDFs and the accuracy of the approximation used for the error
function. The plots also illustrate the gain obtained through
CoRe.

We now consider the MIMO-STBC case and present the
BER performance for different STBC mappings and system
parameters for the purpose of illustrating the validity of our
approach and the advantage of packet combining. Consider
first the MIMO-STBC setting using the Alamouti code [3],
namely, Go with ¢ =1 and R = 1, and 16-QAM modulation
with no CoRe. The BER performance is shown in Fig. 4
where MIMO configurations with nt = 2 and the value of ny
set to 2 or 3 are considered. Similar to the AWGN case, we
observe that for different numbers of combined transmissions,
the analytical results are almost in perfect match with the
simulations, indicating the validity of the analytical model
and the accuracy of the approximation used for the erf(.)
function when L > 2. A closer look to Fig. 4 also reveals
the advantage of packet combining in reducing the number
of receive antennas required to achieve a target BER. For
instance, at v = 10dB, L = 4 transmissions are needed
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Fig. 5. BER performance when using STBC in 2 x 2 Rayleigh fading
channels with 16-QAM, CoRe, and up to L = 4 combined transmissions.
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Fig. 6. BER performance when using STBC in 3 x 3 Rayleigh fading

channels, code Gz, QAM with M = 16 or 32, and up to L = 4 combined
transmissions.

to yield a BER of 4 x 107® when nt X ng = 2 X 2,
whereas the same BER target can be obtained when using
the 2 x 3 MIMO configuration with L = 2. This illustrates
that implementing packet combining can allow one to achieve
a target BER performance while reducing the complexity in
terms of the number of receive antennas required. Here it
is worthwhile mentioning that the focus of the paper being
not on providing design guidelines for the system parameters
required to achieve target BERs for specific applications,
delay/throughput/complexity tradeoffs will not be discussed
herein. Remaining along the objective of this work, we con-
sider the 2 x 2 MIMO configuration and illustrate in Fig. 5
the gain achieved when implementing CoRe. Examining the
plots of the latter figure with those shown in Fig. 4 clearly
illustrates how bit arrangement prior to signal modulation
allows reducing the number of retransmissions required to
achieve a target BER. For instance, at v = 10dB, using L = 3
packet transmissions yield a BER of 8 x 10~° whereas without
CoRe one additional transmission would be needed to obtain
a BER of 4 x 107°.

Finally, to illustrate the validity of our analytical model for
other M-QAM modulations, we make use of the bit LLR
expressions provided in [11] and present the BER performance
when considering 32-QAM in a MIMO-STBC setting imple-
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menting the mapping provided in [4], namely, the half-rate
code G3 with ¢ = 2 and R = 1/2. This mapping is also used
for the 16-QAM case and analytical results are corroborated
through simulations as observed in Fig. 6, showing the BER
performance for the 3 x 3 configuration with different values
of combined transmissions.

VII. CONCLUSION

We considered a multi-element antenna system utilizing
space-time block coding, and adopted a log-likelihood ratio
(LLR) approach to present a BER analysis when M-QAM
modulation is used along with code combining. Considering
that the LLRs follow Gaussian piecewise distributions in
AWGN channel and using a simple approximation for the
error function erf(-), we presented an analytical formulation
for the LLR distributions when packet retransmission in the
form of ARQ protocol is used along with packet combining.
The analysis considers 16-QAM used with or without con-
stellation rearrangement, is performed for AWGN and MIMO
Rayleigh fading channels, and can straightforwardly be ex-
tended to other M-QAM modulations. BER numerical results
are provided for different system settings and parameters, and
show the accuracy of the proposed analytical model and the
advantages of packet combining.
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