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Abstract— In this paper, we address the problem of multiple-input
multiple-output (MIMO) spatial multiplexing (SM) systems in the pres-
ence of antenna fading correlation. It is well known that severe spatial
correlations present at the transmitter and/or receiver can significantly
compromise the performance of existing SM systems. Recent results
showed that joint-over-antenna (JA) iterative detection schemes can
improve the performance of SM systems in correlated channels as
compared to schemes that detected the signals on an antenna-by-
antenna basis. We extend this idea in this paper by incorporating a
so-called antenna doping (AD) scheme into the SM system, in order to
further counteract the detrimental effects of spatial correlation. Through
simulations, we show that AD can improve the performance by 3-4
dB in severe spatial correlation as compared to non-doping systems.
This improvement is explained with the aid of extrinsic information
transfer (EXIT) charts, which illustrate the convergence behavior of the
JA iterative detection with and without AD.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) spatial multiplexing (SM)
systems, employing several transmit and receive antennas, are ca-
pable of achieving a significant increase in capacity as compared
to traditional single antenna systems [1], [2]. This achievement is
dependent upon the assumption that the different transmit-receive
antenna pairs are subjected to uncorrelated fading. In practice,
however, signal correlation exists among the antenna elements in
realistic environments. Because correlated MIMO channels possess
fewer degrees of freedom as compared to independent and identically
distributed (i.i.d.) channels, studies have shown that severe spatial
correlations present at the transmitter and/or receiver can significantly
compromise the performance of SM systems [3].

In order to suppress the detrimental effects of spatial correlation,
Gore et al. proposed a transmit selection algorithm that either maxi-
mizes the average throughput or minimizes the average probability of
error for SM systems having transmit spatial correlation [4]. Further
performance improvement of SM systems in correlated fading can be
achieved by varying the number of transmit antennas as well as the
symbol constellations, as proposed by Narasimhan [5]. A fast Fourier
transform based antenna selection scheme was shown by Molisch et
al. to perform better than conventional antenna selection schemes in
spatially correlated MIMO channels [6]. Instead of antenna selection,
the performance of SM systems in spatially correlated channels can
be improved by precoding the signal before transmission. Through
numerical optimization, power allocation and relative phase adjust-
ment between the multiplexed symbol streams was shown by Nabar
et al. to increase the multipelxing gain [7]. Akhtar et al. introduced a
closed-form precoder, which also adjusts the power and phase shifts
of each stream, without requiring the need for any complex numerical
optimization [8]. These proposed techniques mentioned above rely on
the fact that knowledge of the channel correlation statistics must be
made available at the transmitter/receiver. Recently, Karjalainen et al.
proposed an iterative frequency domain joint-over-antenna (JA) signal

detection technique, which was shown to achieve a lower bit error
rate (BER) as compared to similar iterative techniques that detect the
spatially multiplexed signals on an antenna-by-antenna basis, without
requiring any knowledge of the channel correlation statistics [9]–[11].

In this paper, we extend the JA-based detection scheme by in-
corporating a so-called antenna doping (AD) technique, to further
improve the performance of SM systems in spatially correlated
channels. The idea behind AD is similar to that of code doping,
a technique proposed by ten Brink [12] for accelerating convergence
and/or initiating the iterative decoding, by opening a ’tunnel’ in the
extrinsic information transfer (EXIT) chart [13]. With the aid of EXIT
charts, we will show that in the presence of spatial correlation, AD
builds up a tunnel at a lower signal-to-noise ratio (SNR) as compared
to conventional SM systems. The presence of this tunnel suggests
that decoding convergence can be initiated and hence this leads to
an improvement in the BER performance. In severely correlated
channels, AD can improve the BER performance by as much as
3-4 dB over SM systems. These gains will be demonstrated by
simulations.

This paper is organized as follows. Following this introduction,
we will first establish the channel model that will be considered
throughout this paper in Section II. Next, a brief review of the
conventional SM system will be given in Section III. The main feature
of this paper is presented in Section IV, where we first highlight
the motivation behind our AD proposal. We will then proceed to
introduce two possible types of AD, namely inner AD and outer
perfect AD. BER results and EXIT charts are also provided in this
section to demonstrate the performance of AD in correlated fading
channels. Finally, conclusions are given in Section V.

II. CHANNEL MODEL

We consider a vertically encoded SM MIMO system with NT

transmit and NR receive antennas for cyclic-prefix single car-
rier burst transmission [14]. The channel corresponding to each
transmit-receive antenna pair is frequency-selective, quasi-static block
Rayleigh fading consisting of L number of taps. The channel tap
matrices are assumed to be i.i.d. of each other and only transmit
correlation is present at each tap matrix while the receive antennas
are uncorrelated. Hence, the lth tap MIMO channel matrix can be
written as

Hl = HlR
1
2
t , l = 0, . . . , L − 1, (1)

where Hl is the NR ×NT i.i.d. zero mean complex Gaussian matrix
and Rt is the NT × NT transmit correlation matrix, which is given
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Fig. 1: Spatial multiplexing transmitter structure with and without an-
tenna doping.

by

Rt =




1 ρ1,2 · · · ρ1,NT

ρ2,1 1 · · · ρ2,NT

...
...

. . .
...

ρNT ,1 ρNT ,2 · · · 1


 , (2)

with ρn,m denoting the correlation coefficient between the nth and
mth transmit antenna. For simplicity sake, we assumed that Rt is the
same for all the channel tap matrices and that all transmit antennas
pairs have the same correlation coefficient, i.e. ρi,j = ρ ∀j �= i.

III. CONVENTIONAL SPATIAL MULTIPLEXING

The structure of the conventional SM transmitter is illustrated in
Fig. 1(a). Let us denote a convolutional-encoded interleaved symbol
stream of length NT Q as s = [s(1), . . . , s(NT Q)]T, where (·)T

denotes transpose and s(j), j = 1, . . . , NT Q is assumed to be a
quadrature phase shift keying (QPSK)-modulated symbol during the
jth symbol period in this paper. According to the figure, the symbol
stream s is decomposed into NT sub-streams, where the nth sub-
stream is represented by a 1 × Q vector sn, n = 1, . . . , NT . The
elements in sn comprise of the symbols s(qNT +n), q = 0, . . . , Q−1
in ascending order. A guard period of length G is then inserted by the
guard insertion (GI) block in Fig. 1(a). As a result, the length of each
layer is now given by K = Q+G, which is equivalent to the length
of the discrete Fourier transform (DFT) employed by the frequency-
domain equalizer [9]–[11] at the receiver. Since guard insertion is
common in both the conventional SM transmitter as well as the SM
system with antenna doping (see Fig. 1(b) and Fig. 1(c)), we shall

Number of Channel Taps 32
Modulation QPSK

Convolutional Code
Channel Encoder n = 2, k = 1, K = 3

G0 = 7, G1 = 5
Channel Decoder MAP Decoder

Interleaver Random
Iterations 4

Number of Transmit Antennas NT 4
Number of Receive Antennas NR 4

Guard Per Antenna G 32 QPSK Symbols
DFT Length of Conventional SM Q 495

TABLE I: Standard simulation parameters used.

ignore the guard period in our subsequent discourse. However, the
guard period is still inserted in our simulations.

Let us introduce a NT Q × NT Q transformation matrix WSM

and a 1 × NT Q vector xj = [01×M , 1,01×NT Q−M−1]
T , j =

1, . . . , NT Q, where 01×M is a 1 × M zero vector and M =
mod(j − 1, NT )Q +

⌊
j−1
NT

⌋
. Then we can express the transmitted

layers over the NT antennas as

b = WSMs, (3)

where
WSM = [x1,x2, . . . ,xNT Q] (4)

and the NT K × 1 vector b = [s1, . . . , sNT ]T has a form identical
to that in [10, Eq. (2)], after the inclusion of the guard period.
The application of the frequency domain JA turbo equalization for
detecting b is well documented in [9]–[11] and hence the operation
will not be treated here.

In order to clearly understand the motivation behind our AD
proposal, let us first study the EXIT chart of the JA turbo equalization,
as shown in Fig. 2, and envisage its convergence behavior when
ρ = 0.0, 0.99 and 0.7. The standard parameters that we have used
throughout our simulations are given in Table I. On the x-axis, IA1

and IE2 denote the mutual information of the a priori inputs to
the JA equalizer and the extrinsic information at the output of the
convolutional MAP decoder, respectively, while IE1 and IA2 on the
y-axis denote the mutual information of the extrinsic information
at the output of the JA equalizer and the a priori information to
the convolutional MAP decoder. According to the figure, if there
is no spatial correlation, a wide tunnel exists between the transfer
characteristics of the JA equalizer and the convolutional MAP decoder
at Eb/N0 = 5 dB. This ensures that decoding convergence is initiated
and hence a low BER is expected. However, when ρ = 0.99, a
so-called pinch-off limit [13] is observed at about 18 dB as the
transfer characteristics of the JA equalizer and the MAP decoder
just intersects with each other at IA1 ≈ 0.3. Hence, this suggests
that decoding convergence can only be triggered for Eb/N0 values
above the pinch-off limit. Notice that when ρ = 0.7, a narrow tunnel
exists at 5 dB. Hence decoding convergence can be initiated but more
iterations is required, in order to achieve optimal performance. These
claims can be validated by observing the BER performance of the
SM system, as illustrated in Fig. 3. We can clearly see that when
ρ = 0.99, convergence occurs only after 18 dB, which is the pinch-
off limit as mentioned previously. Also, at 5 dB when ρ = 0.7, we
can see that the BER is improving, albeit slowly, as the number of
iterations is increased. This is due to the existence of a narrow tunnel,
as shown in Fig. 2.

Having seen the decoding convergence behavior of the SM system
at various spatial conditions, we will next highlight the motivation
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Fig. 2: EXIT chart of the JA turbo equalization in conventional SM
system with various spatial correlations.
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Fig. 3: BER performance of the SM system under various spatial corre-
lations.

behind the AD scheme and show how AD can improve the perfor-
mance by altering the EXIT chart. Two types of AD are introduced
here, namely inner AD and outer perfect AD. However, due to space
limitations, only inner AD will be thoroughly covered in this paper.

IV. ANTENNA DOPING

The idea behind code doping was originated from ten Brink [12]
when he observed that the transfer characteristics of rate 1 recursive
convolutional codes start at the origin IE1(IA1 = 0) ≈ 0, which
deters any iteration from taking place due to the lack of a tunnel.
In order to trigger convergence, ten Brink proposed a code doping
scheme to achieve IE1(0) > 0 or IE2(0) > 0, thereby creating
a tunnel and hence permitting further iterations. In other words,
code doping alters the transfer characteristics of the inner encoder
or outer encoder (depending on the type of doping) so that decoding
convergence can occur.

Motivated by this idea, we proposed the AD scheme. The purpose
of AD is to alter the transfer characteristics of the JA equalizer or the
convolutional MAP decoder such that a tunnel can be created at a

lower SNR in the presence of spatial correlation. This will trigger
decoding convergence and hence lowers the BER. Similar to ten
Brink’s code doping scheme, two types of doping are introduced
here, namely inner AD and outer perfect AD.

A. Inner Antenna Doping

The transmitter structure of the SM system with inner AD (IAD)
is shown in Fig. 1(b). As we can see, IAD can be easily incorporated
into the SM transmitter by inserting a so-called doping switch before
the serial-to-parallel (S/P) multiplexer. When the doping switch is
in the ’OFF’ position, the incoming coded symbols are decomposed
into NT independent sub-streams, which are then transmitted simul-
taneously. This scenario is equivalent to that of the conventional SM
system highlighted previously. In the context of the AD system, these
symbols are referred to as non-doping symbols.

On the other hand, if the doping switch is in the ’ON’ position,
the same coded symbol will be transmitted from all NT antennas
simultaneously. Such a symbol will be referred to as a doping symbol.
The problem now is to determine the switching time of the doping
switch between the ’ON’ and ’OFF’ state.

We define a so-called doping ratio, which is given as 1 : D, where
D − 1 should be a multiple of NT . The doping ratio indicates that
1 out of every D symbols in s is a doping symbol1 while there are
D−1 non-doping symbols. In this paper, we assumed that the doping
symbol is always the last symbol in a block of D symbols, without
loss of generality. In other words, the symbols s(nD), where n is an
integer, are doping symbols. Obviously, the transmission of doping
symbols from all the antennas leads to a loss in the spectral efficiency
as compared to the conventional SM system. Let us denote the ratio of
the average information bit power to noise power per receive antenna
in the conventional SM system as Eb/N0. Then the corresponding
ratio in the IAD system will be given by

(Eb/N0)IAD =
D

NT + D − 1
(Eb/N0) . (5)

Hence the loss in the spectral efficiency is minimal as the value of
D is increased. However, as we shall see in our simulation results,
the value of D has a direct impact on the performance of the IAD
system, depending on the degree of spatial correlation.

In mathematical terms, we can easily express the inclusion of
IAD by modifying the transformation matrix. Due to the dop-
ing symbols, the transformation matrix with antenna doping is
now a L × NT Q matrix WIAD, where L = NT Q

(
NT −1

D
+ 1

)
.

After the guard insertion, the length of each sub-stream is
now K′ = Q

(
NT −1

D
+ 1

)
+ G, which will be the DFT

length of the equalizer. Let us now define two vectors, x̂j =

[01×M′ , 1,01×L−M′−1]
T and x̃j = [01×Z′ , 1,01×Z′ , 1, . . .], where

M ′ = mod
(
j − � j

D
� − 1, NT

)
K′ + � j−� j

D
�−1

NT
� + � j

D
� and Z′ =

j− j
D

NT
+ j

D
− 1. Then following the expression of Eq. (3), the

transmitted layers over the NT antennas with IAD can be written
as

b′ = WIADs, (6)

where the transformation matrix for IAD can be written as

WIAD = [x̂1, x̂2, . . . , x̃D, x̂D+1, . . . , x̃2D, . . . , x̃γD] , (7)

where γ = NT Q/D is an integer. In this case, we assumed that the
length of the coded symbol sequence s, which is NT Q, is divisible

1A generalized doping ratio can be define as x : D, where x can be any
integer. However, x > 1 is not considered in this paper
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Fig. 4: EXIT chart of the JA turbo equalization with IAD doping ratio
1:5 at spatial correlation ρ = 0.0, 0.99 and 0.7.

by D. Otherwise, zero padding can be added to the sequence so that
γ becomes an integer.

Since Eq. (6) has the same form as Eq. (3), the same JA turbo
equalizer proposed in [9]–[11] can also be applied in detecting
the transmitted symbols in IAD systems. However, there are two
differences to take note of. Firstly, instead of NT K, the DFT length
of the equalizer is now L. Secondly, for the doping symbols, the
spatial MAP technique employed by the JA equalizer needs only to
compute 2M distance metrics for each possible bit candidate, where
M is the number of bits per symbol. In contrast, 2NT M distance
metrics have to be computed for the non-doping symbols, similar to
the conventional SM case. In this paper, we have assumed that both
the transmitter and the receiver know exactly the doping ratio that
was adopted.

Let us now examine how the inclusion of IAD has alter the
transfer characteristics of the JA equalizer. The same set of simulation
parameters, given in Table I is used. The bandwidth expansion
factor, as governed by Eq. (5), has been taken into account in our
simulations. Fig. 4 shows the EXIT chart of the SM system with
IAD for a doping ratio of 1:5; that is, one out of five symbols is a
doping symbol. First of all, similar to the conventional SM system, a
wide tunnel is observed at 5 dB when ρ = 0.0 with IAD, leading to
similar convergence behavior. However, in the case of IAD, the BER
performance will be limited, since the transfer characteristic of the
JA equalizer intersects with that of the convolutional MAP decoder
at IE2 ≈ 0.95. Recall that the pinch-off limit without doping when
ρ = 0.99 is around 18 dB. However, according to Fig. 4, a wide
tunnel can now be seen at 18 dB when ρ = 0.99, which suggests
that decoding convergence can be initiated. Thus, this clearly shows
that IAD ’raises’ up the transfer characteristic of the JA equalizer,
thereby creating a tunnel and hence permitting further iterations. The
pinch-off limit when ρ = 0.99 is now at about 12 dB. Also, at 5 dB
when ρ = 0.7, the tunnel becomes wider with IAD as compared to
the one without doping (see Fig. 2). Hence convergence with IAD
is expected to be faster. Again, these claims can be substantiated
by observing the BER performance, as shown in Fig. 5. Now, we
can see that at 18 dB when ρ = 0.99, the BER is low because
decoding convergence is possible. Furthermore, the pinch-off limit is
in the region of 11-12 dB, which agrees with our observation from
the EXIT chart. Comparing the BER with and without doping at
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Fig. 5: BER performance of the SM system with IAD doping ratio 1:5
under various spatial correlations.
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Fig. 6: EXIT chart of the JA turbo equalization with IAD doping ratio
1:33 at spatial correlation ρ = 0.99 and 0.7.

ρ = 0.99, we can see that the performance improved by about 3-4
dB at a BER of 10−3. On the other hand, the BER of non-doping
system at ρ = 0.0 is lower that that with IAD, which agrees with our
previous observation of the EXIT chart. Also, at 5 dB when ρ = 0.7,
the BER with IAD converges at a faster rate as compared to one
without doping (see Fig. 3). This is due to a wider tunnel when IAD
is invoked, which accelerated the convergence.

A doping ratio of 1:5 suffers a 37.5% loss in spectral efficiency,
according to Eq. (5), while providing an improvement in the per-
formance by triggering (creating a tunnel) or accelerating (widening
the tunnel) convergence. Let us now consider a doping ratio of 1:33,
which only results in a spectral efficiency loss of 8.3%. The EXIT
chart and the BER performance is illustrated in Fig. 6 and Fig. 7,
respectively. The BER performance with doping ratio 1:33 and
without doping, as shown in Fig. 3 looks very similar, except for
some very subtle differences upon close examination. For example,
looking at the EXIT chart for ρ = 0.99 at 18 dB, we can see a very
narrow tunnel is created with a doping ratio of 1:33, as compared to
the one without doping as shown in Fig. 2. Because of this tunnel,
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Fig. 7: BER performance of the SM system with IAD doping ratio 1:33
under various spatial correlations.

further iterations will lower the BER, albeit slowly, as can be seen
in Fig. 7. Hence, if the number of iterations goes to infinity, optimal
performance can be achieved. Similarly, comparing the EXIT charts
of Fig. 2 and Fig. 6 when ρ = 0.7 at 5 dB, we can see that with
a doping ratio of 1:33, the transfer characteristic of the JA equalizer
raises up slightly when IA1 = 0 as compared to the one without
doping. This slight rise enables the convergence to accelerate faster,
resulting in a lower BER (compare Fig. 7 and Fig. 3).

In summary, the benefits of IAD is as follows: In the presence of
high spatial correlation, the doping symbols, which are transmit-
ted from all the antennas, are still co-phased and summed at the
receiver side, resulting in a higher SNR gain. Hence the transfer
characteristic of the JA equalizer will raise up, which will create,
or widens a tunnel and initiates or accelerates convergence. The
amount by which the transfer characteristic is raised is controlled
by the doping ratio. The higher the doping ratio, the more
the transfer characteristic raises. On the other hand, a higher
doping ratio leads to a greater loss in the spectral efficiency.
Hence IAD offers a nice tradeoff between convergence speed and
information rate loss. Since the spatial correlation may vary with
time, in order to optimize this tradeoff, adaptive doping ratio
control can be implemented, whereby the receiver determines
and feedback the appropriate doping ratio to be used to the
transmitter, depending on the degree of spatial correlation. This
implies that the receiver must know the degree of correlation,
which can be estimated using methods proposed in [15].

B. Outer Perfect Antenna Doping

The structure of the SM transmitter with outer perfect AD (OPAD)
is shown in Fig. 1(c). During the doping period (’ON’ state), pilot
symbols are passed to the encoder as well as transmitted from the
antennas. Hence a priori information received directly from the
channel are readily available to the decoder at the receiver end.
This will have the effect of shifting the transfer characteristic of the
decoder to the right (see Figs. 2, 4), where the amount of shift is
determine by the doping ratio. Thus, OPAD has a different effect as
compared to IAD, which raises up the transfer characteristic of the
equalizer. By visualizing from the EXIT charts given in this paper,
shifting the transfer characteristic of the decoder to the right can also
create a tunnel that enables convergence to occur. Unfortunately, due

to space limitation, OPAD will not be covered in detail in this paper.

V. CONCLUSIONS

A novel so-called antenna doping scheme has been proposed
for MIMO SM transmission systems in the presence of transmit
spatial correlation. In particular, IAD is thoroughly studied. With
the aid of EXIT charts, we have shown that IAD alters the transfer
characteristics of the JA equalizer such that a tunnel is created,
which initiates decoding convergence. The results shown that the BER
performance can be improved in correlated channels by incorporating
IAD into the SM system.
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