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Abstract—In this paper we consider channel coding for dual
data streams with unequal error protection (UEP) for the
objectives of low complexity receiver structures and prioritized
handling of data in MIMO broadcast systems. We focus on
high spectral efficiency bit interleaved coded modulation (BICM)
MIMO OFDM system where two independently coded spatial
streams of symbols are simultaneously transmitted by an an-
tenna array using antenna cycling. In some sense, the receiver
then views a multiple access channel (MAC) and consequently
the reception is based on successive interference cancellation
(SIC). The limited adaptability of the proposed system helps
gear up to a higher data rate as channel conditions improve
without any adjustment at the transmitter. This leads to devising
a broadcast strategy incorporating different levels of service.
Standard receiver solutions for such schemes employ sub-optimal
linear minimum mean square error (MMSE) successive stripping
decoders. We propose a novel low complexity near optimal
demodulator based on match filter outputs for a dual stream
system which exhibits better performance and lower complexity
as that of MMSE based demodulator.

I. I NTRODUCTION

Multiple antenna communication systems being capable of
considerably increasing the capacity of a wireless link [1]
are the focus of attention over the past decade. The requisite
antenna spacing combined with the complexity constraints
restrict future MIMO based communication systems to the
maximum of 4 spatial streams whereas it is reduced to
dual spatial streams in most scenarios. The existing and
forthcoming MIMO based standards as IEEE 802.11n [2],
IEEE 802.16m [3] and Third Generation Partnership Project
Long Term Evolution (3GPP LTE) [4] substantiate this ar-
gument. Researchers persist to strive for better performance
and reduced receiver complexity for such systems. These
communication systems need robust coding schemes and an
appropriate solution in todays wireless world is bit interleaved
coded modulation (BICM) [5]. BICM MIMO OFDM therefore
provides a promising choice for next-generation wireless net-
works where MIMO enhances the spectral efficiency, OFDM
reduces the complexity of equalization and BICM stands as a
robust coding scheme for fading channels.

These rationales have stimulated us to consider in this
paper a low dimensional dual stream BICM MIMO OFDM
broadcast system where 2 independently coded spatial streams
are simultaneously transmitted by an antenna array using
antenna cycling. Due to this transmission strategy, the receiver
views a multiple access channel (MAC). Shamai [6] termed

the approach of single code layer at each transmit antenna as
MAC-outage approach. The reception is consequently based
on successive interference cancellation (SIC) i.e. sequential
decoding and subtraction (stripping) of spatial streams. In-
dependent encoders and modulation on two spatial streams
introduce unequal error protection (UEP). We propose a broad-
cast strategy based on UEP (rate distribution) between two
spatial streams which incorporates two levels of performance.
The reliably decoded information rate depends on the state of
the channel which is determined by monitoring the received
SNR being above or below a certain threshold. Transmitter
is operating at a constant power and data rate but the limited
adaptability of the system helps receivers to gear up to a higher
data rate as channel conditions improve.

The idea of dual data streams with UEP adds flexibility
to the system which can be exploited for having prioritized
users or advanced services in MIMO broadcast systems and
in multimedia broadcast multicast services (MBMS). For in-
stance it can be the broadcast of 2 multimedia streams with
different rates (quality) of same data and the users decoding
the lower or higher rate stream depending on the received
SNR. It can also be the broadcast of low and high rate
streams (as audio and video) with prioritized or high SNR
users decoding both streams while low SNR users decoding
only the low rate stream. It is also applicable to high-definition
TV (HDTV) scenario where low priority/quality users are
able to receive standard-definition TV (SDTV) transmission
while high priority/quality users access HDTV. The idea has
a limited similarity to superposition codes [7] whose signal
space has a cloud/satellite topology. Cloud centers because of
relatively higher distance amongst them carry informationfor
low quality receiver whereas the better receivers having larger
noise tolerance can resolve up to the actual transmitted satellite
symbol within the cloud.

Standard receiver solutions for such schemes including V-
BLAST [8] [9] use stripping decoders which incorporate sub-
optimal minimum mean square error (MMSE) filters [10]
against the yet undecoded streams at each successive can-
cellation stage. We propose a low complexity near optimal
demodulator for this system. Literature discusses SIC and PIC
detection schemes for CDMA systems in reference to different
rates in multi user context [11].

The paper is divided into five sections. In section II we
define the system model while section III discusses the channel
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capacity analysis of such a system and subsequently the
proposed broadcast strategy. Section IV is dedicated to the
proposed demodulator which is followed by simulation results
and conclusions.

II. SYSTEM MODEL

In this section we consider a MIMO broadcast system
(without CSIT) which is ant × nr (nt ≥ 2, nr ≥ 2) BICM
MIMO OFDM system with 2 equal power and non-uniform
rate spatial streams. We effectively reduce this to2 × nr

system by antenna cycling at the transmitter [1] with each
stream being transmitted by one antenna in any dimension.
The antenna used by a particular stream is randomly assigned
per dimension so that each stream sees all degrees of freedom
of the channel. Let the two spatial streams bex1 andx2 with
x1 being the symbol ofx1 with varianceσ2

1
and x2 being

the symbol ofx2 with varianceσ2

2
. The block diagram of the

transmitter and receiver are shown in the figures 1 and 2
respectively. The well known baseband model of the system
at each frequency tone is given as:-

y = h1x1 + h2x2 + z (1)

where y, z ∈ C
nr are the vectors of received symbols and

circularly symmetric complex white Gaussian noise of vari-
anceN0 at thenr receive antennas.h1 ∈ C

nr is the vector
characterizing flat fading channel response from first transmit-
ting antenna tonr receive antennas withE

[

|hi|2
]

= 1. It is
assumed that each channel path between the transmitter and
the receiver is independent. The complex symbolsx1, x2 are
also assumed independent.

III. PROPOSEDBROADCAST STRATEGY

A. Channel Capacity Analysis

The capacity expression for dual streams [1] from the chain
rule is

I (Y;X1,X2|H) = I (Y;X1|H) + I (Y;X2|X1, H) (2)
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where H = [h1h2]. For the Gaussian inputs, the explicit
expressions of mutual information for the two streams are

I (Y;X1|H) = log
2

[

det
{

I+σ2

1
h1h†

1

(

N0I+σ2

2
h2h†

2

)

−1

}]

(3)

and

I (Y;X2|X1, H) = log
2

(

1 +
σ2

2

N0

‖h2‖2

)

(4)

where† indicates conjugate transpose. For equal power distri-
bution, I (Y;X1|H) < I (Y;X2|X1, H) dictating rate of first
stream being less than rate of second stream (R1 < R2) as
shown in fig. 3.

For finite size QAM constellation withx1 ∈ M1 andx2 ∈
M2, the mutual information expressions take the form

I (Y;X1|H) = H (X1|H) −H (X1|Y, H)

= log M1 −
1

M1

∑

x1

∫

y
p (y|x1) log

∑

x1
p (y|x1)

p (y|x1)
dy (5)

whereH (.) = −E log p (.) is the entropy function. For our
purposes, it suffices to note that for each choice ofx1 andx2,
there are two sources of randomness in the choices of channel
and noise. The above quantities can be easily approximated
numerically using sampling (Monte-Carlo) methods withNz

realizations of noise andNH realizations of the channel.

I (Y;X1|H) = log M1 −
1

M1M2NzNH

∑

x

NH
∑

H

Nz
∑

z

log

∑

x1

∑

x2
exp

[

− 1

N0

‖y − Hx‖2

]

∑

x2
exp

[

− 1

N0

‖y − Hx‖2

] (6)

wherex = [x1x2]
T . Similarly the mutual information of the

second stream when the first stream has been detected is given
by

I (Y;X2|X1, H) = H (X2|X1, H) −H (X2|Y,X1, H)

= log M2 −
1

M1M2

∑

x

∫

y
p (y|x) log

∑

x2
p (y|x)

p (y|x)
dy (7)
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Fig. 3. Capacity of proposed dual-stream broadcast approach for Gaussian
alphabets. Both streams have equal power.

Estimation of this quantity using Monte-Carlo simulation

I (Y;X2|X1, H) = log M2 −
1

M1M2NzNH

∑

x

NH
∑

H

Nz
∑

z

log

∑

x2
exp

[

− 1

N0

‖y − Hx‖2

]

exp
[

− 1

N0

‖y − Hx‖2

] (8)

Fig. 4 shows the capacity of the first stream once the second
stream is not yet decoded for different combinations of finite
constellation alphabets. For moderate values of SNR, the ca-
pacity of first stream is a function of the yet undetected second
stream and this capacity decreases as the rate (constellation
size) of second stream increases. This degradation is not
observed at low and high values of SNR as at low SNR, the
two streams are orthogonal while at high SNR, the second
stream can be perfectly stripped off leading to detection of
first stream. Rate of first stream being a function of the rate
on second stream leads to non-uniform rates in uniform power
dual stream scenario and this leads to the following proposed
broadcast strategy.

B. Strategy

The proposed broadcast approach (MAC-outage [6]) is mo-
tivated by the capacity of a Gaussian broadcast channel with
two users i.e.

C = I (x1; y1) + I (x2; y2|x1) (9)

where user 2 sees a better channel and so is able to decode
and strip off the interference.

We propose the transmission of two spatial streams of equal
power and non-uniform rate. Low priority/quality users are
able to decode low rate streamx1 while high priority/quality
users are able to decode both low and high rate streamsx1

andx2 by successive stripping. The rates of two streams are

R1 ≤ I (y;x1) (10)
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Fig. 4. Capacity of first stream in dual-stream broadcast approach for finite
size alphabets once the second stream is not known. Both streams have equal
power. x2 = 0 indicates the special case when the second stream has been
decoded and stripped off. Note that SNR includes power of both streams.

and
R2 ≤ I (y;x2|x1) (11)

The notion of priority/quality is typically the received SNR
and/or stream decoupling. The users are divided into two
groups i.e. near-in users and far-out users based on their
received SNR. The lower rate streamx1 is designed for a
lower value of SNR i.e. SNR1 while the higher rate streamx2

is designed for higher value of SNR i.e. SNR2. The received
SNR of a particular user dictates two decoding options.

1) If SNR2 >SNR≥SNR1, the user decodesx1.
2) If SNR≥SNR2, the user decodes both streams i.e.x1

andx2. The user first decodes low rate streamx1, strips
it out and then decodes high rate streamx2.

This leads us to SIC detection based MIMO broadcast scenario
with equal power and non-uniform rate spatial streams. We
now propose a low complexity demodulator for such scenario.

IV. M ATCH FILTER BASED DEMODULATOR

Considering the system equation (1), the ML bit metric for
bit b at theith position ofx1 is given as [5]

λi(y, b)=log
∑

x1∈χi
1,b

∑

x2∈χ2

1

π2N2

0

exp

[

− 1

N0

‖y−h1x1−h2x2‖2

]

(12)
whereχ2 denotes signal signal set ofx2 andχi

1,b denotes the
subset of the signal setx1 ∈ χ1 whose labels have the value
b ∈ {0, 1} in the positioni. Let

y1 =
h†

1
y

‖h1‖
, y2 =

h†
2
y

‖h2‖
, h21 =

h†
2
h1

‖h2‖
, y

′

2
(x1) = y2 − h21x1

(13)
y1 and y2 are match filter outputs for stream 1 and 2 re-
spectively whileh21 is the cross-correlation betweenh1 and
h2. y

′

2
(x1) is the match filter output of second stream after



removing the contribution from first stream. Ignoring‖y‖2 and
adding|y1|2

λi(y, b)=log
1

π2N2

0

∑

x1∈χi
1,b

exp

[

− 1

N0

{

|y1 − ‖h1‖x1|2
}

]

×

∑

x2∈χ2

exp

[

− 1

N0

{

−2ℜ
(

x∗
2
‖h2‖ y

′

2
(x1)

)

+|‖h2‖x2|2
}

]

whereℜ indicates the real part. We rewrite above equation as

λi (y, b) = log
1

π2N2

0

×
∑

x1∈χi
1,b

exp

[

− 1

N0

{

|y1−‖h1‖x1|2−
∣

∣

∣
y

′

2
(x1)

∣

∣

∣

2
}]

×

∑

x2∈χ2

exp

[

− 1

N0

{

∣

∣

∣
y

′

2
(x1) − ‖h2‖x2

∣

∣

∣

2
}]

(14)

This equation effectively decouplesx1 and x2 . We propose
a slight suboptimality i.e. for each value ofx1 ∈ χi

1,b,
we retain one constellation point ofx2 which results in
the most dominant exponential. To reduce the computational
complexity of finding this point, we decouplex2 into its real
and imaginary parts i.e.

∣

∣ϕ2

x2

∣

∣=
∣

∣

∣
y

′

2
(x1) − ‖h2‖x2

∣

∣

∣

2

= ℜ2

(

y
′

2
(x1)−‖h2‖x2

)

+

ℑ2

(

y
′

2
(x1)−‖h2‖x2

)

(15)

whereℑ indicates the imaginary part.ϕx2
is the match filter

based metric for second stream for a particular symbolx1 on
first stream. The decoupling (15) combined with gray labeling
in BICM reduces the search space forx2 ∈ χ2 to

√
M/2

points for M ary QAM [12]. Quantization further reduces
this to 1 − 4 operations (depending on the constellation size
of x2) by looking for the closest real and imaginary parts
of y

′

2
(x1) to those of‖h2‖x2. The constellation point ofx2

which minimizes (15) introduces little sub optimality in the
bit metric which is now given as

λi (y, b) ≈ log
1

π2N2

0

∑

x1∈χi
1,b

exp

[

− 1

N0

{

|y1−‖h1‖x1|2 + |ϕx2
|2−

∣

∣

∣
y

′

2
(x1)

∣

∣

∣

2
}]

(16)

Applying log sum approximation [5]

λi
1
(y, b) ≈ − min

x1∈χi
1,b

{

|y1−‖h1‖x1|2+ |ϕx2
|2 −

∣

∣

∣
y

′

2
(x1)

∣

∣

∣

2
}

(17)
where|y1−‖h1‖x1|2 is the metric for match filter output for
x1 ignoringx2, |ϕx2

|2 is the metric for the match filter output

for x2 taking into accountx1 and
∣

∣

∣
y

′

2
(x1)

∣

∣

∣

2

can be termed as
the correction factor.

The bit metric can be rewritten as

− min
x1∈χi

1,b

{

|y1−‖h1‖x1|2+|‖h2‖x2|2−2ℜ
(

x∗
2
‖h2‖ y

′

2
(x1)

)}

(18)
This implies reduction in complexity fromO (|χ1| |χ2|) to
O (|χ1|). Second streamx2 being high rate stream implies
substantial reduction in complexity.

A. Complexity Analysis

We compare the complexity of our proposed demodulator
with that of MMSE SIC based demodulator. It is well known
that for ML detection, the complexity forx1 in dual stream
BICM system isO (|χ1| |χ2|). In case of MMSE SIC based
demodulator, the complexity reduces toO (|χ1|) for x1. This
complexity reduction has considerable overhead in the form
of computing and employing MMSE filter followed by the
unbiasing operation. The proposed demodulator also reduces
the complexity toO (|χ1|) for the x1 due to decoupling of
x1 andx2 but has insignificant overhead. So a fair complexity
comparison between two approaches would be the comparison
of the complexity of overhead.

The minimum of (15) can be found by1, 2 and4 operations
if x2 belongs to QPSK, QAM16 and QAM 64 respectively.
This is realized by quantizing the constellation of‖h2‖x2.
The sign and the magnitude of real and imaginary parts of
y

′

2
(x1) specify the quantized region of‖h2‖x2 in which it

lies which leads to finding the minimum in1 to 4 operations
(comparisons). The overhead for proposed demodulator there-
fore involves the computations given in (13) andηx2

i.e. the
number of operations for findingx2 which minimizes (15).

TABLE I
COMPUTATIONAL COMPLEXITY FOR CALCULATION OF LLR IN nr × nr

SYSTEM

Demodulator Type No. of Complex No. of Complex
Additions Multiplications

MMSE 1
(

4n3
r − 2n2

r − nr

)

1
(

4n3
r + 2n2

r + 3nr

)

SIC + |χ1| +2 |χ1|
Proposed 1(5nr − 5) + 1(5nr) +

Demodulator |χ1| (ηx2
+ 4) 4 |χ1|

Table I shows the complexity for calculation of LLR for
MMSE SIC approach and the proposed approach. Here we
assume Gauss-Jordan elimination for matrix inversion.1 in-
dicates the operations which need to be done once during
the period the channel remains constant.|χ1| is the size
of modulation alphabet ofx1. It is evident that complexity
savings of proposed demodulator with respect to MMSE SIC
shrinks as the alphabet size enhances while it expands with the
increase in the size of system. An important point to underline
here is that the proposed demodulator does not need estimation
of noise variance while the same is required for MMSE based
demodulator.

V. SIMULATION RESULTS

We consider a2 × 2 BICM MIMO OFDM system using
the de facto standard,64 state rate-1/2 convolutional encoder
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of 802.11n standard [2] and rate-1/2 punctured turbo code
proposed for 3GPP LTE [4]. The MIMO channel has iid
Gaussian matrix entries with unit variance. The channel is
independently generated for each time instant and perfect CSI
at the receiver is assumed. Furthermore, all mappings of coded
bits to QAM symbols use Gray encoding. We consider MMSE
approach [10] and the proposed approach. Spatial streams of
equal power and non uniform rate are transmitted in2 × 2
system. We focus on frame error rates for first stream (lower
rate) as subsequent to stripping, the detection of second stream
(higher rate) is trivial. The frame length of lower rate stream is
fixed to 1296 information bits as per 802.11n [2]. Figs. 5 and 6
compare the performance of proposed approach with standard
MMSE based approach. The proposed approach performs
significantly better than the MMSE approach. Degradation of
the performance for first stream as the rate (constellation size)
of second stream increases confirms the earlier result of rate on
first stream being a function of the rate on the second stream.

VI. CONCLUSIONS

In this paper, we have focused on a broadcast strategy that
exploits the UEP between the two spatial streams which is a
consequence of SIC detection algorithm. For such a system,
we have proposed a low complexity near optimal demodulator.
Proposed demodulator is based on match filter outputs and
results in a demodulation technique which has much reduced
computational complexity and better performance than the
standard linear equalizer based solutions. The idea of dualdata
streams with UEP has many potential applications with refer-
ence to prioritizing different data streams for different users
in a broadcast scenario ,assigning two levels to multimedia
codecs, MBMS and HDTV. The proposed scheme is valid for
MIMO broadcast systems as WiMAX (802.16m).
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