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Abstract— In this work, we have analyzed a joint spatial
diversity and multiplexing transmission structure for MIMO-
OFDM system, where Orthogonal Space-Frequency Block Cod-
ing (OSFBC) is used across all spatial multiplexing branches. We
have derived a BLAST-like non-linear Successive Interference
Cancellation (SIC) receiver where the detection is done on sub-
carrier by sub-carrier basis based on both Zero Forcing (ZF) and
Minimum Mean Square Error (MMSE) nulling criterion for the
system. In terms of Frame Error Rate (FER), MMSE based
SIC receiver performs better than all other receivers compared
in this paper. We have found that a linear two-stage receiver
for the proposed system [1] performs very close to the non-
linear receiver studied in this work. Finally, we compared the
system performance in spatially correlated scenario. It is found
that higher amount of spatial correlation at the transmitter
can be tolerated, whereas higher receive spatial correlation is
detrimental to the system.

I. INTRODUCTION

Multiple antennas will be an integral part of all future gen-
erations of wireless systems. Multiple Input Multiple Output
(MIMO) systems can be divided into two broad categories:
Space Diversity (SD) systems and Spatial Multiplexing (SM)
systems. SD-MIMO can provide higher reliability in the sys-
tem, whereas SM schemes guarantee higher spectral efficiency
without increasing the bandwidth requirement. All of these
MIMO algorithms perform well in frequency flat scenario.
Thus, Orthogonal Frequency Division Multiplexing (OFDM)
can be put together with MIMO and the processing can be
done on OFDM sub-carrier basis. In this way, the MIMO
benefits can be obtained also in wideband systems.

In recent years, there is an effort to derive MIMO schemes,
where both SD and SM benefits are achievable. We term
such schemes as Joint Diversity and Multiplexing (JDM)-
MIMO schemes. [2] proposed a JDM scheme, and derived
a spatial whitening matched filter. Later [3] derived a linear
two-stage receiver for a JDM system, where SM and Space-
Time Block Code (STBC) are combined at the transmitter.
In this receiver, the SM branches are first separated based
on Least-Square (LS) principle and then the particular STBC
branches are detected. We have extended this linear receiver
for Spatially-Multiplexed Orthogonal Space-Frequency Block
Coded Orthogonal Frequency Division Multiplexing (SM-
OSFBC-OFDM) system in [1]. We have combined Orthogonal
Space-Frequency Block Code (OSFBC) and SM in one struc-
ture, where OSFBC is realized using well-known Alamouti

orthogonal coding [4] across neighboring sub-carriers. The
receiver takes both ZF and MMSE criterion for two-stage
nulling procedure.

In this work, we have derived an Ordered Successive Inter-
ference Cancellation (OSIC) receiver for the above mentioned
SM-OSFBC-OFDM system, where layer by layer decoding is
performed for each sub-carrier. The layer with the strongest
Signal to Noise Ratio (SNR) is first determined based on
ZF or MMSE criterion and then detected. At this point the
effect of the first detected branch is subtracted and the next
strongest layer is detected. This procedure is continued until
all the spatial channels are recovered. This kind of OSIC
technique is very similar to the original Vertical - Bell Labs
LAyered Space-Time Architecture (VBLAST) receiver, that
was proposed in [5] for SM systems.

In the present work one compares, in terms of FER in indoor
and outdoor scenarios, a non-linear receiver and the linear
receiver previously studied by the Authors [1]. As a reliability
analysis, we have compared the 10% outage spectral efficiency
of the systems. We have also studied the performance of the
systems in terms of varying spatial correlation at the transmit-
ter and the receiver antennas. For comparison purposes, the
original VBLAST system is also studied in this paper.

The rest of this paper is organized as follows. The system
model is presented in Section II. Outage capacity analy-
sis, simulations and discussions are provided in Section III.
Finally, conclusions on the presented work are drawn in
Section IV.

II. SYSTEM MODEL

A. Joint Diversity and Multiplexing based Transmitter

We denote the number of SM branches at the transmitter
side and number of receive antennas as P and Q respectively.
We have N number of sub-carriers in the system.

Figure 1 explains the basic transceiver architecture. At first
the source bits are Forward Error Correction (FEC) coded
and bit interleaved. The interleaved bit stream is baseband
modulated using an appropriate constellation diagram, such
as Binary Phase Shift Keying (BPSK), Quadrature Amplitude
Modulation (QAM) etc. We denote this baseband modulated
symbols as mk. The sequences of mk is demultiplexed into
m1, . . . ,mP vectors. mp is transmitted via pth spatial channel.
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Fig. 1. Simplified System Model for SM-SFBC-OFDM Transmission Scheme
with Non-Linear Receiver

For every pth SM branch, we implement a block coding
across the sub-carriers, thus OSFBC is included in the system.
For pth SM branch, we have ∆p number of antennas where
Space-Frequency Block Code (SFBC) can be implemented.
When ∆p = ∆, ∀p, then we have ∆ ∗ P number of transmit
antennas at the transmission side. When ∆ = 2, we can use
well-known Alamouti coding [4] across the sub-carriers.

For the pth SM branch, mp is coded into two vectors,
m(δ)

p ; δ = 1, 2. Thus, the output of the SFBC encoder block
of the pth SM branch will be

m(1)
p =

[
mp,1 −m∗

p,2 . . . mp,N−1 −m∗
p,N

]
(1)

m(2)
p =

[
mp,2 m∗

p,1 . . . mp,N m∗
p,N−1

]
(2)

Following this, we define

mp,o =
[

mp,1 mp,3 . . . mp,N−3 mp,N−1

]
(3)

mp,e =
[

mp,2 mp,4 . . . mp,N−2 mp,N

]
(4)

Using these equations, we can write that

m(1)
p,o = mp,o; m(1)

p,e = −m∗
p,e (5)

m(2)
p,o = mp,e; m(2)

p,e = m∗
p,o (6)

After SM and OSFBC operations, IFFT modulation is
performed and Cyclic Prefix (CP) is added before transmission
via the respective transmit antenna. Transmitted time domain
samples, x(δ)

p , can be related to m(δ)
p as, x(δ)

p = F
H{m(δ)

p }.

B. OSIC-based Non-Linear Receiver

The key idea of the non-linear receiver is to decode the
symbol streams successively and strip the streams away layer
by layer. At the beginning of each stage, the stream with
highest SNR is chosen using ZF or MMSE detection for
peeling. Once one particular layer is decoded, then the effect
the detected layer is subtracted from the received signal and
the next branch in terms of SNR strength is chosen. This is
continued until the last layer is decoded. This kind of non-
linear detection is called OSIC. OSIC is performed on sub-
carrier by sub-carrier basis. On each sub-carrier, the detection
scheme appears to be very similar to VBLAST detection, as
derived in [5]. OSIC improves the detection quality compared
to detection without ordering and is shown to be optimal
for SIC approach [6]. In [7] a non-linear receiver for an
hybrid scheme combining SM and Transmit Diversity (TD) is

proposed. In this work, we adopt a similar receiver structure
for our SM-SFBC-OFDM system.

We consider P = 2, ∆ = 2 and Q = 2. We assume that the
length of CP in time is longer than the maximum durations
of Channel Impulse Response (CIR), thus, no inter-OFDM-
symbol interference occurs. In this case, we can consider the
whole system in the frequency domain, so it can be written

zk = Hkmk + nk

=




h
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k

mk + nk(7)

where k ∈ [1, . . . , N
2 ], zk =

[
z1,o z∗1,e z2,o z∗2,e

]T

k
,

mk =
[

m1,o m1,e m2,o m2,e

]T

k
and nk =[

n1,o n∗
1,e n2,o n∗

2,e

]T

k
. We denote the equivalent chan-

nel in (7) as Hk.
As well known OSIC based Bell labs LAyered Space

Time (BLAST) receiver consists of two steps: nulling and
cancellation. Nulling is used to separate the strongest received
branch. We consider two techniques for nulling purposes,
namely ZF and MMSE.

For ZF, we calculate the Moore-Penrose pseudo-inverse of
the Channel Transfer Function (CTF) as

Gk = [g1 g2 g3 g4]k = {HH
k Hk}−1HH

k (8)

while for the MMSE, a kind of pseudo-inverse that also
considers the noise variance, is used

Gk = [g1 g2 g3 g4]k = {HH
k Hk + σ2I4}−1HH

k (9)

where [gi]k is the ith column of Gk, σ2 is the total noise
variance and I4 is the 4 × 4 identity matrix. At this stage ,
we have to decide whether the first or second stream has the
strongest received SNR. For this purpose, we calculate the
metric:

l = arg min
l
{d1, d2} (10)

where d1 = c(1) + c(3), d2 = c(2) + c(4).
For ZF nulling, the vector c can be expressed as

c = diag({HH
k Hk}−1) (11)

and for MMSE the vector c is

c = diag({HH
k Hk + σ2I4}−1) (12)

If l = arg minl{d1, d2} = 1 then we first decode the stream
associated to p = 1 by doing

m̂1,k =
[

m̂1,o

m̂1,e

]
k

=
[

gH
1

gH
2

]
k

zk (13)



TABLE I

OFDM SIMULATION PARAMETERS

Parameters Indoor Outdoor
System bandwidth, B 20MHz
Carrier frequency, fc 5.4 GHz
User mobility,v 3 kmph 200 kmph
OFDM sub-carriers, N 64 256
Subcarrier spacing, ∆f = B/N 312.5 kHz 78.13 kHz
CP length, NCP 16 100
Total samples in OFDM Symbol
with CP, Ns = N + NCP

80 356

Symbol duration, Ts = Tu + TCP 4.0 µs 17.8 µs
OFDM symbols/frame, Nf 16
Frame duration, Tf = Nf Ts 64.0 µs 284.8 µs
Data Symbol mapping QPSK
Channel coding scheme 1

2
-rate convolutional coding

and the second stream by doing the following steps (in (14)
the cancellation operation is performed)

z
′
k = zk − [h1 h2]k

[
m̂1,o

m̂1,e

]
k

(14)

H
′
k = [h3 h4]k (15)

H
′H
k H

′
k =

1
α
I2 (16)

m̂2,k =
[

m̂2,o

m̂2,e

]
k

=
1
α
H

′H
k z

′
k (17)

where α =| h(1)
12,o |2 + | h(2)

12,o |2 + | h(1)
22,o |2 + | h(2)

22,o |2,
[hi]k is the ith column of Hk and I2 is the 2 × 2 identity
matrix.

Exactly the dual procedure of (13)-(17) has to be applied if
l = arg minl{d1, d2} = 2. In that case, first we decode the
second SM branch and then we detect the first branch.

III. ANALYSIS, SIMULATIONS AND DISCUSSIONS

A. System Parameters

We have used two simulation scenarios as explained in
Table I. For all our analysis and simulations, we have confined
ourselves to the case of 2 or 4 antennas on transmit side and
dual antennas on receiver side. For MIMO multiplexing, 2
SM branches are simulated (i.e. Q = 2, P = 2 and ∆ = 2).
We assume that perfect time and frequency synchronization
is established. We also assume that perfect channel estimation
values for each sub-carrier for both the spatial channels are
available at the receiver. We use the exponential channel model
to generate the corresponding CIR and CTF of the channel. In
our exponential model, the power delay profile of the channel
is exponentially distributed with decay between the first and
the last impulse as -40dB.

B. FER Analysis

Figures 2 and 3 show the Frame Error Rate (FER) per-
formance of the combining schemes in indoor and outdoor
scenario respectively. In indoor scenario, a frame consists of
N ∗Lf ∗M ∗P ∗Rc = 64∗16∗2∗2∗0.5 = 2048 source bits,
while in outdoor scenario, it is 256 ∗ 16 ∗ 2 ∗ 2 ∗ 0.5 = 8192
source bits in one frame. All the transmission schemes use

Quadrature Phase Shift Keying (QPSK). Total transmitted
power is always kept constant, so that comparison is done
on equal footing. So the power transmitted via any branch is
always PT

P∗∆ and PT

P for all JDM and SM schemes respectively,
where PT is the total transmitted power. As a reference, ML
is plotted along with the other schemes, so that the benefit out
of the optimal receiver is also compared.

As it is seen, for both indoor and outdoor scenario, SM-
OSFBC-MMSE-OSIC performs better than all other schemes.
This is due to the fact that two added antennas at the
transmitter provide a form of SNR boost for the system and
also the SIC receiver provides better detection. Compared
to this, SM-OSFBC-MMSE-Lin system performs quite close
to SM-OSFBC-ZF-OSIC. Both the linear receiver schemes
approaches to MMSE non-linear schemes by 2dB and 3 db
respectively at an FER of 10−2 for indoor scenario. This is
significant considering the fact that linear receiver is simpler
to implement compared to non-linear receiver. It is generally
noted that JDM schemes performs much better compared
to simple SM schemes. This is achieved at the cost of the
increased system complexity, as the transmitter will require
more antennas.

Similar trend is also noted in outdoor scenario. Including
more antennas for transmitter OSFBC offers immense benefit.
But, of course, it is clear that outdoor channel is more
frequency selective, thus all the systems require more SNR
compared to indoor scenario for any FER reference point.

C. 10% Channel Outage Capacity and Average Spectral Effi-
ciency

Outage analysis is a form of reliability analysis. We define
10% outage channel capacity as the information rate that is
guaranteed for 90% of the channel realizations, such that the
probability that outage rate falls below the certain threshold
rate is at most 10% [6]. The 10% outage channel capaci-
ties for Spatial Multiplexed Orthogonal Frequency Division
Multiplexing (SM-OFDM) and SM-OSFBC-OFDM are given
in Figure 4. Here the channel responses are simulated for
indoor environment and then the outage capacity is calculated.
For reference purpose, 2x1 OSFBC outage channel capacity
is plotted in the figure. 4x2 SM-OFDM shows the optimum
achievable outage channel capacity derived from Shannon
limit. We can see that upper bound in outage channel capacity
of our scheme (i.e. 4x2 SM-OSFBC-OFDM) approaches very
close to the above mentioned limit. As expected, the difference
in 10% outage channel capacity of SM and JDM scheme is 3
bps/Hz at comparatively low SNR (i.e. at 4dB of SNR) and is
more than 5 bps/Hz at comparatively high SNR (i.e. at 16dB
of SNR).

Figure 5 shows us the average spectral efficiency of
the studied systems in indoor scenario. The maximum
rate with 1/2-rate convolutional coding, QPSK modula-
tion and two spatially-multiplexed branches is, Rb =
Numberofbitsperframe

frameduration = NMPRcNf

Nf Ts
= 64∗2∗2∗0.5∗16

16∗(4∗10−6) bps =
32Mbps, thus, a spectral efficiency of 1.6 bps/Hz at 20MHz
system bandwidth. We define, the practical spectral efficiency



as SE = Rb(1 − FER). Thus, at the best case with current
modulation and coding level along with MIMO rate, the
maximum spectral efficiency can be 1.6 bps/Hz. It can be seen
that the average spectral efficiency of the JDM schemes is
much higher than the 2×2 SM schemes at comparatively low
SNR. As the SNR increases, the average spectral efficiency
approaches to the maximum value (i.e. 1.6 bps/Hz) for all
the schemes. It is noticed that for JDM schemes, maximum
achievable spectral efficiency is obtained faster than other
schemes when compared to increment in SNR. As expected,
SM-OSFBC-MMSE-SIC performs better than others in terms
of average spectral efficiency, which is supported by its better
FER performances seen in Figures 2 and 3.

Outage spectral efficiency results via simulations may offer
more insights into the practical outage scenario, when all the
mentioned schemes are compared. It is an issue that is under
investigation at the moment.

D. Effect of Transmit and Receive Correlation

We model the spatial correlation in H based on the inter-
element distances in the transmit and receive antenna arrays,
as it is done in [8]. We can model the spatial correlation across
all sub-carriers as

Hk =
√

Rk,rxHw,k

√
Rk,tx (18)

where Rk,tx, Rk,rx and Hw,k are transmit correlation matrix,
receive correlation matrix and uncorrelated channel matrix
respectively. The correlation coefficient between between p1

and p2 transmit antennas can be written as

[Rk,tx]p1,p2
= J0

(
2π(p1 − p2)d

λ

)
(19)

where p1, p2 ∈ [1, . . . , P ]. J0 denotes the 0th order Bessel
function of 1st kind, d is the distance between the elements
and λ is the wavelength corresponding to the carrier frequency.
Similar spatial correlation can be defined for receiver also.

In Figures 6 and 7, we produce the FER results of all the
schemes. These results are obtained for indoor wireless chan-
nel parameters as mentioned in Table I. We have modelled the
correlation values for different antenna spacing and we have
plotted the correlation values in the figure. For Figure 6, we
varied the transmit correlation and fixed the receive correlation
to 0.3, and the opposite is done for Figure 7. The results are
obtained for a particular SNR value, i.e. 12dB. One interesting
conclusion that can be drawn from the figures is that receive
correlation affects these systems much more than transmit
correlation. This is because of the fact that no extra diversity
measures are taken in the receiver. From Figure 7, we see
that the FERs start to increase very fast when the correla-
tion increases more than 0.3, that corresponds to separation
between receive antenna elements of at least 1.67 cm. This
is true for all SM-OSFBC systems. For increasing transmit
correlation with a fixed receive correlation, the degradation in
JDM schemes is gradual. Up to 60% of spatial correlation
between the transmit antennas, the JDM schemes perform
quite consistently, it worsens only when the spatial correlation

is increased more than this. Thus, as long as the transmit
elements are separated by a spacing of at least 1.17 cm for our
system, the effect of spatial correlation in FER performance is
not quite significant for JDM systems. For transmit correlation
values up to 50%, only SM-OSFBC-MMSE-SIC provides FER
below 10−2 at 12dB of SNR.

For both cases, ZF-BLAST and MMSE-BLAST performs
quite badly, when the spatial correlation is increased more than
0.3. Thus, it is evident that original VBLAST systems are not
so robust in spatially correlated scenario as it was previously
reported in [6].

It should be kept in mind that our correlation model only
takes into account the inter-element distance at both locations
of transmission link as the contributing factor for defining
the spatial correlation. There are a number of other factors
that can also increase the spatial correlation across co-located
antenna elements, such as presence of Line of Sight (LOS)
components that causes Ricean fading, insufficient scattering
in the environment, use of polarized antennas which leads to
gain imbalances etc.

IV. CONCLUSION

Non-linear receivers for JDM scheme are derived and
analyzed in this paper. The studied schemes are compared
with linear two-stage receivers [1] and original VBLAST
systems [5]. It is found that non-linear JDM schemes performs
very well in terms of FER in both indoor and outdoor scenario.
Due to the advantages obtained from additional transmit
antennas, JDM schemes are also very robust to transmit spatial
correlation. In line with their better FER characteristics, these
schemes also outperform other schemes compared in this paper
in terms of average spectral efficiency.

Performances of the analyzed non-linear JDM schemes in
more practical scenario, such as presence of LOS component,
lack of rich scattering environment, etc., can be interesting
issues for further studies.
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Fig. 2. FER performance in indoor scenario
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Fig. 3. FER performance in outdoor scenario
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0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
bp

s/
H

z

Average spectral efficiency, QPSK, 1/2 rate conv. coding, SM rate = 2

SNR, dB

ZF−BLAST
MMSE−BLAST
SM−SFBC ZF−SIC
SM−SFBC MMSE−SIC
SM−SFBC ZF−Lin
SM−SFBC MMSE−Lin

Fig. 5. Average spectral efficiency for reference systems

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
10

−3

10
−2

10
−1

10
0

Tx Correlation

F
E

P

Modulation:QPSK, Coded FER, Indoor, Variable Tx Correlation, SNR=12dB

ZF−BLAST
MMSE−BLAST
SM−SFBC ZF−SIC
SM−SFBC MMSE−SIC
SM−SFBC, ZF−Lin
SM−SFBC MMSE−Lin

Fig. 6. FER performance for variable spatial correlation at the transmitter
side
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