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Abstract—In this paper we deliberate on channel coding for (SIC) detection algorithm i.e. sequential decoding andrsab
spatial data streams and focus on their equal-rate non-uniform tion (stripping) of spatial streams. We propose a low comple

power distribution in successive interference cancellation (SIC) ity near optimal demodulator for 2x 2 system and extend it
detection algorithm. We focus on high spectral efficiency bit further to higher-di . | tems. We f n ;
interleaved coded modulation (BICM) MIMO OFDM system urther to higher-dimensional systems. We focus on ecati-

where, after serial to parallel conversion, per antenna coding Non-uniform power distribution between these spatialestre

and antenna cycling, spatial data streams are simultaneously for the proposed demodulator in view of successive strippin
transmitted by using an antenna array. The reception is based This can be coarsely regarded as MMSE DFE as described
on SIC detection algquthm. Standard receiver solutions for such in [8]. To the authors knowledge, the power distribution for
schemes employ minimum mean square error (MMSE) successive ial in SIC detecti h for MIMO ¢
stripping decoders. Application of MMSE filters combined with spatial streams ”? . etection sc eme or . Systems
the Gaussian assumption of post detection interference instituge has not yet been investigated however literature discuskes
sub-optimality in the metrics and furthermore these equalizers and PIC detection schemes for CDMA systems in reference
are intricate in computation. We propose a novel near optimal to different powers of received signals in multi user cohtex
demodulator based on match filter outputs for a2 x 2 system [9] [10]. Standard receiver solutions for such schemesuihcl

which reduces the sub optimality of the metric resulting in an . L .
improved performance and a significant reduction in computa- ing V-BLAST [11] use stripping decoders which incorporate

tional complexity with respect to the MMSE based solutions. We Minimum mean square error (MMSE) filters against the yet
further extend the idea to higher-dimensional MIMO systems undecoded streams at each successive cancellation dtége. |

showing that there is a slight degradation in the performance optimum in the power constrained case with Gaussian inputs
with increase in dimensionality of the system but is concurrently p \+ practical systems make use of discrete small-size modu-
coupled with a boost in complexity savings. lation alphabets. For such cases, application of thesesfilte
combined with the Gaussian assumption of post detection
interference institutes sub-optimality in the metricseTegra-
Multiple antenna communication systems being capable @dtion of the performance due to the sub-optimality comdbine
considerably increasing the capacity of a wireless linkgtd with the complexity in calculation of linear equalizers ach
the focus of attention over the past few years. The requisiiequency tone (in OFDM based system) renders the real-time
antenna spacing combined with the complexity constrairitAplementation of these algorithms difficult especiallyfast
restrict future MIMO based communication systems to thfading wideband environments.
maximum of 4 spatial streams. The existing and forthcoming Our proposed demodulation algorithm for equal-rate non-
MIMO based standards as IEEE 802.11n [2], IEEE 802.16omiform power distribution of spatial streams in BICM MIMO
[3] and 3GPP LTE [4] substantiate this argument. Reseasch@FDM system exhibits considerable improvement in perfor-
persist to strive for better performance and reduced receivnance with respect to the existing sub-optimal approaches.
complexity for such systems. While decoding the first stream, the proposed algorithm in
These communication systems need robust coding scheraesx 2 system takes into account the yet undecoded second
and an appropriate solution in todays wireless world is bitream instead of using a MMSE filter against it. The algarith
interleaved coded modulation (BICM) [5]. The performancsuccessfully escapes the exponential complexity of MIMO
of BICM improves further through soft decision iterativedetection and avoids calculation of MMSE filter coefficients
decoding (BICM-ID) [6] at the cost of complexity. In order toThis leads to a performance (error rate) better than thelatdn
benefit from the improvement, mappings other than the Gr&yMSE based approaches and comparable to that of List
mapping are used [7]. BICM MIMO OFDM therefore providesSphere detection (LSD) [12] coupled with a significant re-
a promising choice for next-generation wireless networldtiction in the complexity. The performance slightly degsd
where MIMO enhances the spectral efficiency, OFDM reducés higher dimensional systems but it is concurrently matth
the complexity of equalization and BICM stands as a robugfith a boost in complexity savings.
coding scheme for fading channels. The paper is organized as follows. In section Il we provide
We consider in this paper a low dimensional BICM MIMCthe system model and a review of existing approaches we used
OFDM system based on successive interference cancellatinorthis paper for comparison while in section Il we propose

I. INTRODUCTION



——————————————
V% v Standard | PR Soft Input i
SIMO i : :
! e=e=-=m Demodulator==® o Hlard O Lo mStream-n,
i |
for i Viterbi De
Stream-n,. ;
e
L4
. OFDM
Convolutional x OFDM N Ry
Stream.1 | Convolutiona - X1 Ll arerior |
Encoder-1 insertion) Match Filter Soft Tuput
L Based
— 2 » Demodulator: % 7y 1 i Hard Output - Stream-2
OFDM y for i
Convolutional 5 V 3 5 Viterbi Decode:
"2 Encoder2 [ 7 F2X2 X2 arErecr |, Stream-2 ——
- insertion)
" . Match Filter Soft Inpu '
. . - Based -1 '
43 — i —# Stream-1
: . . Demodulator T
. N . . k.. 10 for Viterbi Decoder
- . i Stream-1
i
[ e I O R P
Encoder-n, > " " ™ ™
insertion)
Convolutional

x
hy <« ™ i X e T e -
Encoder-1

OFDM
FFT+CP
Removal)

'
n To be subtracted for subsequent detection of Stream-3 ¢ - -
t

Fig. 1. Block diagram of Transmitter af; x n, BICM MIMO OFDM Fig. 2. Block diagram of SIC Receiver of BICM MIMO OFDM system.

=1 .
system.m; denotes random interleaver; labeling map,y: signal set and 71 denotes deinterleaver afd denotes the channel seen by strem-
X1 complex symbols vector for stream-1.

I | g dul | o § A. Channel Capacity
ow complexity demodulation algorithm for 2 x 2 system L : :
and subsequently extend it to higher dimensional systemsé.'r:%rhgiﬁurisllea[]l]'nigms’ the ergodic capacity of the system as
Section IV is dedicated to the simulation results while isect P

V concludes the paper. I(z1, 202y ;yH) = I(zyy|H) 41 (zo;y|H,z1) + -

II. SYSTEM MODEL +I (3 Y|H, 21,29 Tp 1)

We consider a MIMO system which isra x n,. (n: > nr)  \whereH = [hihy---h, ] is the channel matrix with complex
BICM MIMO OFDM system with n, spatial streams. We

effectively reduce this ta,. x n,. system by antenna cycling at
the transmitter [1] with each stream being transmitted by ory (z1;y[H) =

antenna in any dimension. The antenna used by a particular o 1t _— ) £\t
stream is randomly assigned per dimension so that eachrstrealog2[det{'+"1 hihy (N0|+‘72 hohy+-- 407, T, hnr) H
sees all degrees of freedom of the channel. The detection

is based on stream by stream detection using successi@,;y|H,z,) =

stripping. The block diagram of the transmitter and reaeive _
are shown in the figures 1 and 2 respectively. The well known logQ[det{HJ%th; (NOIJFU%h?’thF"Mirh"fhj%) IH
baseband model of the systemmath frequency tone is given
as:-

Yn = hl,n$1+h2,nl'2+' : '+hnr,n1'nr+zn; n=12--- ,N I (xm;y|H,a:1,x2 e "r"r—l) = 10g2 (1 *

channel gains? {|hij\2 = 1. These terms are

and

2
T I 1)
where N is the total number of frequency tones and is \neret indicates conjugate transpose dndenotes the iden-
the total number of spatial streams/receive antennas. We & matrix. Under the power constraifit-, the average SNR at
conveniently _drop the frequency index and can rewrite thgch receiver branch % Key to the optimality of stripping
system equation as is the use of Gaussian i(ﬁputs as long as the stripping dezoder
y=hizy +hozo + -+ 2 +2 1) incorporate MMSE filters qgainst yet undecodgd str.ear.ns at
each successive cancellation stage. Successive stripping
where y,z € C" are the vectors of received symbolgyuires that each stream must be transmitted at a different
and circularly symmetric complex white Gaussian noise @4te with equal power. We investigate a slightly sub-optima
variance No at the n, receive antennash; € C"" is the sojution where we guarantee equal rate with non-uniform
vector characterizing flat fading channel response fron fifSowers on each stream. Numerical optimization revealed tha
transmitting antenna te, receive antennas and, is the equal-rate non-uniform power distribution leads to neglig
complex symbol of the first stream transmitted by first traibsnsyp-optimality as shown in Fig. 3a.
antenna withe uxlﬂ = o}. Itis assumed that each channel _ o
path between the transmitter and the receiver is independéh Review of Existing Schemes
The complex symbolszq,--- ,z,, of n, streams are also We now review some existing schemes that we used for
assumed independent. comparison with our proposed approach.




IIl. M ATCH FILTER BASED DEMODULATOR
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Our derivation of the demodulator is based dhe2 system
and subsequently it is extended to higher dimensional syste
In a2 x 2 system, the bit metric for bit at thei-th location
of the first streame; is given as
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1) MMSE: Detection based on MMSE equalization [12] “*<X*
involves linear MMSE preprocessing i.e. applying a spatiathereR indicates the real part. We rewrite above equation as

filter M to the received signal vectgri.e. X = My whereX . 1
is the biased estimate of = [z, 23, - ,xn,,]T, superscript A} (y,b) = 10g27N2 X
T denotes transpos#! is given as ™0 ) )
_ =l = el = o (20)] ¢ x
_ -1 tony Lyt Z eXP[ N {|y1 [Ihy 5
M= (NoP~'+HH) H crent, 0
where P is the diagonal power distribution matrix with the Z exp [_1 {‘yQ (1) — o] @’2}] @
diagonal aso?,0%, -+ ,02 ]. It is followed by an unbiasing v No

operation i.ex = ' X wherel = diag(MH). Based on the _ | . )
Gaussian assumption of post detection interference, MMSEIS €quation effectively decouplesi the two streams. We
preprocessing decouples the spatial streams and the bicmdiToPOse that for each value ofi € xj ,, we retain in (4)

for the i-th bit for bit valueb of the symbolz;, on k-th stream ©ON€ constellation point ofe; which results in the most
dominant exponential. To reduce the computational conitglex

is given as e : : A - )
of finding this constellation point, we decouplg into its real
i 2 and imaginary parts i.e.
Ny~ e [Ea-af| @
TREX], 4 0 , 2 9 ,
va (1) = INall w2 = 2 (4 (21) = INa)l22) +
fork=1,2,--- ,n, where, is thei-th diagonal element of o
I'. xi , denotes the subset of the signal sgte y, whose > (92 (1) = [|he| z2) ®)

IabzelsMr,l?; tgecyalluée E)O’ 1}dm thehposmom. o %vhereS indicates the imaginary part. This decoupling com-
) , - Itis based on the same stripping aNPined with Gray labeling in BICM reduces the search space for
_decodmg app'T?aCh Wh'Ch WOUI.d be optimal for Ga“SS'ax% € x2 to v/M /2 points for M ary QAM [13]. Quantization
inputs. A specific ordering for stripping needs to be enfdrcefurther' reduces this td — 6 operations by looking for the

In this work, spatial streams are ordered based on th@lpqegt reql and imaginary part @f (1) to those of||h, || z5.
decrea;mg received power Ie_vels (induced by non-umforﬁe constellation point af2 which minimizes (5) introduces
transmit power). The contribution of the .strongest stream little sub optimality in the bit metric which is now given as
detected and subsequently canceled leading to the detextio

residual streams. Equal-rate non-uniform power distidiouis i N 1 1,

used for the desired SNR region as dictated by Fig. 3b. In A1 (Y, ) ~ log T2N2 Z eXp{_Nowb (xl)} ©)
almost all the forthcoming communication systems as 3GPP TIEXLp

LTE [4], there would be a feedback for per stream powgyhere

control to achieve performance goals. An analysis of MMSE )

SIC with different user power levels in multi user context fovs (1) = [y1 — || || 1 [*+ ]| h2|| z2]* — 2R (IL”§ Ih2]] o ($1)7>
CDMA system can be found in [9][10]. @)



Applying log sum approximation [5] minimum in 1 to 6 operations (comparisons referredsgs).

We consider one comparison as one complex addition. For
] (8) higher dimensional systems, two spatial streams are cemesid

at one time incorporating the remaining undetected streams

This implies reduction in complexity t@ (|y.|) which is in noise., therefore there is no significant increase in the
equivalent to the complexity of detection preceded by ﬁne?r[omplexny. Sub_sequently the complexity reducesg|x|)
MMSE filter equalization [12]. In MIMO OFDM system, or the k-th spatial stream bas_ed on (8). .

MMSE filter needs to be computed for each frequency toneTable | shows the complexity for calculation of I.‘LR for
thereby enhancing the computational complexity of the d IMSE SIC approach and the proposed approddindicates

modulator. Evading MMSE calculation in (8) causes reductid"'® operations Wh'_Ch need to be.done once during the'penod
the channel remains constanf| is the size of modulation

in complexity of demodulator as will be verified in the _ ) . ;
subseqSent Zections alphabet. It is evident that complexity savings of propoded
’ modulator with respect to MMSE SIC shrinks as the alphabet

A. Extension to Higher Dimensionality size enhances while it expands with the increase in the size

We propose the extension of proposed demodulator @ System. _ _ _ _
higher dimensional systems basing on the Gaussian assumg=0r complexity comparison with MMSE approach and List
tion for the undetected symbols. For the detection of stream>Phere detection [14], readers are directed to [12] which
in n, x n, system , > 2), it is reduced to2 x 2 system gives detailed complexity assessment of these two appesach
by Gaussian assumption fd;--- ,n, streams. Subsequenttiowever in this comparison, there is additional overheatién
to the stripping of strean-using the proposed demodulatorProposed approach in the form of interleaving, encoding and
again the system is reduced 2o« 2 system for the detection Multiplication with channel coefficients but the complegxatf
of stream2 by Gaussian assumption far - -- ,n, streams. this overhead is small in comparison with that of computing
The course continues until the detection of the last streaMMSE filter coefficients and that of LSD.

/\Zi (y,0) = —L l min 7% (1)

0 IlGX/LLb

The Gaussian assumption for undetected symbols and their TABLE |
integration in noise enhances sub optimality of the proposecomMPUTATIONAL COMPLEXITY FOR CALCULATION OF LLR IN ny X np.
metric. This detection scheme necessitates numericahigati SYSTEM
. . : .
tion of power distribution between thgse spathl streams' Ddamo Toator Ty No—of Complex Noof Complex
equate the error rates at each decoding level in the desire Additions Multiplications
SNR region. Another approach for extension to higher dimern—yvse T(@n? —2n2 —n,) + 1(4n3 + 202 + 3n,) +
sionality which is not analyzed in this work is using MMSE SIC Ix| 2]x]
SIC approach for decoding of initial streams and using the _Proposed 1(5nr —5) + 1(5nr) +

. Demodulator Ix| Ny +4) 4|x|
proposed demodulator approach for the detection of last two
streams.
B. Complexity Analysis C. Smulation Results

So far we have not been specific about the complexity sav-We now assess the performance of the proposed demod-
ings of our proposed demodulator with respect to MMSE andator by means of simulation of the frame-error rates. We
MMSE SIC based demodulators. The operations governifagus on target error-rates on the orderl6f 2. We consider
the overall computational cost are complex multiplicasior2 x 2 and3 x 3 BICM MIMO OFDM systems using thele
and to a much lesser extent complex additions. The coffacto standard64 state, ratet/2 convolutional encoder. The
plexity of calculating bit metric inn, x n, BICM system upcoming WLAN standard 802.11n [2] supports the codeword
is O (Ix1] Ix2] - - - |xn..|) While in case of MMSE SIC basedsizes of 648, 1296, and 1944 bits. For our purposes, we
demodulator, it reduces 10 (|xx|) for the k-th spatial stream. selected the codeword size of 1296 bits. The MIMO channel
This reduction is the result of computing and employinbas iid Gaussian matrix entries with unit variance. The oean
MMSE filter followed by the unbiasing operation at eacls independently generated for each time instant and gerfec
decoding level. Here we assume Gauss-Jordan elimination &SI at the receiver is assumed. Furthermore, all mappings of
matrix inversion. coded bits to QAM symbols use Gray encoding. We consider

The proposed demodulator is based on match filter outptie MMSE based standard approach, MMSE SIC approach
and reduces complexity 10 (|x|) for the k-th spatial stream. and the proposed approach. Spatial streams of equal ra&es ar
In a2x 2 system, this complexity reduction is the consequentansmitted in & x 2 and 3 x 3 system. These streams are
of decoupling ofr; andzs. The minimum of (5) can be found of equal power for MMSE approach while equal-rate non-
by 1, 2, 4 and6 operations ifzo belongs to QPSK, QAM16, uniform power distribution is used for MMSE SIC (assuming
QAM 64 and QAM 256 respectively. This is realized by quansaussian symbols). F@rx 2 system, proposed approach uses
tizing the constellatiorj|hz|| z2. The sign and the magnitudethe same power distribution as for Gaussian symbols while
of real and imaginary parts oj'2 (z1) specify the quantized for 3 x 3 system, the error rates dhstreams are equated by
region of ||hz|| z2 in which it lies which leads to finding the numerical optimization of power distribution in the desire
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equal rate power distribution has many potential applcesti

with reference to application to 802.11n, prioritizingfdient

i data streams for different users in a broadcast scenario and
interference cancellation in cellular environments whigére

. - not considered here. We used convolutional codes because of
its widespread application in existing MIMO systems as IEEE
802.11n [2] but future work shall examine the influence of

=
o,
e

w - more powerful turbo codes on the proposed demodulator.
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