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Abstract—In this paper, we propose a training-based channel es-
timation scheme for large non-orthogonal space-time block coded
(STBC) MIMO systems. The proposed scheme employs a block
transmission strategy where an N, x N; pilot matrix is sent
(for training purposes) followed by several N; x N, square data
STBC matrices, where N, is the number of transmit antennas.
At the receiver, we iterate between channel estimation (using an
MMSE estimator) and detection (using a low-complexity like-
lihood ascent search (LAS) detector) till convergence or for a
fixed number of iterations. Our simulation results show that
excellent bit error rate and nearness-to-capacity performance
are achieved by the proposed scheme at low complexities. The
fact that we could show such good results for large STBCs (e.g.,
16 x16 STBC from cyclic division algebras) operating at spectral
efficiencies in excess of 20 bps/Hz (even after accounting for the
overheads meant for pilot-based channel estimation and turbo
coding) establishes the effectiveness of the proposed scheme.

I. INTRODUCTION

High-rate non-orthogonal space-time block codes (STBC)
from cyclic division algebras (CDA) are attractive to achieve
high spectral efficiencies along with full diversity [1],[2]. The
well known golden code [3] is an example of non-orthogonal
STBC from CDA for 2 transmit antennas. Non-orthogonal
STBCs from CDA for arbitrary number of transmit antennas
is given in [2]. CDA STBCs with large number of antennas
are of interest because of the high spectral efficiencies they
can offer. An N; x N; CDA STBC matrix with N; trans-
mit antennas and N; time slots contains N2 complex data
symbols [2]. So, a 16 x 16 STBC from CDA with 16-QAM
and rate-3/4 turbo code can achieve a high spectral efficiency
of 48 bps/Hz. A key challenge in exploiting the benefits of
large CDA STBCs in practice, however, is low-complexity
detection and channel estimation. Sphere decoding and its
low-complexity variants are prohibitively complex to detect
non-orthogonal STBCs with large dimensions (e.g., 32 x 32
CDA STBC with QAM symbols has 2048 real dimensions).
Recently, we solved the problem of low-complexity detection
in large non-orthogonal STBC MIMO systems by proposing
a powerful Hopfield neural network based likelihood ascent
search (LAS) detector [4]-[6], which achieved near-maximum
likelihood (ML) performance at practically affordable low
complexities in large STBC MIMO systems with tens of an-
tennas. In [5],[6], we reported BER results for CDA STBCs
of sizes up to 32 x 32 detected using the LAS detector.

Two assumptions are central to large STBC MIMO detection
performance results reported in [5],[6]: 7) i.i.d fading, and i)
perfect channel knowledge at the receiver. However, spatial
correlation can affect the rank structure of the MIMO chan-
nel resulting in degraded capacity. In [7], we relaxed the i.i.d.
fading assumption by considering a correlated MIMO chan-
nel model. Results in [7] showed that while spatial correlation
degraded LAS detector’s performance, this performance loss

can be alleviated by using more receive dimensions. Large
STBC MIMO detection results reported so far have assumed
perfect channel state information at the receiver (CSIR). Our
new contribution in this paper is that we relax the perfect
CSIR assumption and propose a ‘training-based iterative de-
tection/channel estimation scheme’ for large non-orthogonal
STBC MIMO systems.

Training-based schemes, where a pilot signal known to the
transmitter and the receiver is sent to get a rough estimate
of the channel (training phase) has been studied for STBC
MIMO systems in [8]-[11]. A lower bound on the capac-
ity of a MIMO channel that is learned by training is derived
in [11] as a function of received SNR, coherence time and
number of transmit/receive antennas. It has been shown that
the optimum number of channel uses for training is equal to
the number of transmit antennas [11]. Blind, semi-blind, and
training-based schemes are compared in [12]. Here, we pro-
pose a training-based scheme that employs a block transmis-
sion strategy where a pilot matrix is sent (for training pur-
poses) followed by several data STBC matrices. At the re-
ceiver, we iterate between channel estimation (using an MMSE
estimator) and detection (using LAS detector) till convergence
or for a fixed number of iterations. We show that the pro-
posed scheme achieves very good uncoded/coded BER per-
formance at high spectral efficiencies in excess of 20 bps/Hz.
For e.g., in slow fading with large coherence times (as will
be experienced in fixed/low-mobility wireless applications)
the proposed scheme using 16 x 16 STBC from CDA with 4-
QAM and rate-3/4 turbo code achieves a spectral efficiency of
23.5 bps/Hz using ‘estimated CSIR,” which amounts to only
a small loss in spectral efficiency compared to that achieved
with perfect CSIR (24 bps/Hz). With the feasibility of such
low-complexity schemes, detection and channel estimation
need not be a bottleneck in realizing large MIMO systems.

II. NON-ORTHOGONAL STBC MIMO SYSTEM MODEL

Consider a STBC MIMO system with multiple transmit and
multiple receive antennas. An (n, p, k) STBC is represented
by a matrix X. € C"*?, where n and p denote the number
of transmit antennas and number of time slots, respectively,
and k denotes the number of complex data symbols sent in
one STBC matrix. The (7, 7)th entry in X, represents the
complex number transmitted from the ith transmit antenna in
the jth time slot. The rate of an STBC is given by %. Let
N, and N; = n denote the number of receive and transmit
antennas, respectively. Let H. € CN~*t denote the channel
gain matrix, where the (4, 7)th entry in H, is the complex
channel gain from the jth transmit antenna to the ith receive
antenna. We assume that the channel gains remain constant
over one STBC matrix duration. Assuming rich scattering,
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we model the entries of H, as i.i.d CN(0,1). The received
space-time signal matrix, Y. € CN-*P_ can be written as

Y. = HX.+N, ey

where N. € CN*P ig the noise matrix at the receiver and
its entries are modeled as i.i.d CA(0,02 = Xt£), where
FE is the average energy of the transmitted symbols, - is the
average received SNR per receive antenna, and the (i, j)th
entry in Y. is the received signal at the ith receive antenna in
the jth time slot. Consider linear dispersion STBCs, where
X, can be written in the form

k
> aAD, ©)

i=1

where xgi) is the 7th complex data symbol, and Ag) € CNixp
is its weight matrix. The received signal model in (1) can be

written in an equivalent V-BLAST form as

ZI'

where y. € CNP*1 = yec(Y,), H, € CNoxNep — I®
H.), al) e CNwx1 = vec(A(i)) n. € CNPx1 = yec (N,),
Xe e CF*1 whose ith entry is the data symbol xE), and
H € CNrpxk whose ith column is H ag ), i=1,2,--- k.
Each element of x. is an M-PAM or M-QAM symbol. Let
Ye, He, X, and n, be decomposed into real and imaginary
parts as

)+n, = Hx.+n. 3)

Xe = X1 +jXQ7
H, = H; + jHo. @

Ye=YI1+JYQ;
n. =ny +anv

Further, we define x,, € R2Zk*1, y, € R2NX1 H & ¢
R2Nrpx2k and n, € R2NrPX1 5

Xr = [X? Xg]Ta Yr = [Y? T]Tv
_ ﬁl - ﬁQ — T T1T
H, = ( ﬁQ ﬁ] ) ) n, = [n; nQ] : ®)
Now, (3) can be written as
yr = H,x, +n,. (6)

Henceforth, we work with the real-valued system in (6). For
notational simplicity, we drop subscripts r in (6) and write
y = Hx+n, @)

where H = H, € R?2Vrpx2k vy — vy R2NPX1 x — x, €
R2:x1 andn = n, € R2N-P*1 The channel coefficients are
assumed to be known at the receiver but not at the transmitter.

A. High-Rate Non-Orthogonal STBCs from CDA

We consider square (i.e., n=p=N,), full-rate (i.e., k=pn=
NP), circulant (where the weight matrices Agl) ’s are permu-
tation type), non-orthogonal STBCs from CDA [2], whose
construction for arbitrary number of transmit antennas n is
given by the matrix in (7.a) given at the bottom of the next
page [2]. In (7.2), wn = eJ'ZTﬂ,j =+/—1,and 244, 0 < u,v <
n — 1 are the data symbols from a QAM alphabet. When
6 = t = 1, the code in (7.a) is information lossless, and
when § = eV and t = el it is full-diversity and informa-
tion lossless [2]. High spectral efficiencies with large /V; can
be achieved using this code construction; e.g., 16 x 16 STBC
from (7.a) using 16-QAM and rate-3/4 turbo code offers a
spectral efficiency of 48 bps/Hz along with the full-diversity
of order NV; N, under ML detection. However, since these
STBCs are non-orthogonal, ML detection gets increasingly
impractical for large N;. Hence, a key challenge in realiz-
ing the benefits of these large STBCs in practice is that of
achieving near-ML performance for large /V; at low detec-
tion complexities; the LAS detector in [6] has been shown to
essentially achieve this. The detection part in this paper is
carried out using the LAS algorithm. For details of the LAS
algorithm for large MIMO detection, please refer to [6],[13].

III. ITERATIVE DETECTION/CHANNEL ESTIMATION

In this section, we propose to estimate the channel matrix
based on a training-based iterative detection/channel estima-
tion scheme. In the proposed scheme, transmission is carried
out in frames, where one N; x Ny pilot matrix (for training
purposes) followed by N, data STBC matrices are sent in
each frame as shown in Fig. 1. One frame length, 7', (taken
to be the channel coherence time) is 7' = (N4 + 1) N; chan-
nel uses. A frame of transmitted pilot and data matrices is of
dimension N; x N¢(1 + Nq4), which can be written as

Xoo= [XPXOXE . xM) ®)

Asin [11], let 7y, and 74 denote the average SNR during pilot
and data phases, respectively, which are related to the aver-
age received SNR v as y(Ng + 1) = ~, + Ngya. Define

A A
By = 77"’, and 34 = 24. Let F, denote the average energy
of the transmitted symbol during the data phase. The aver-
age received signal power during the data phase is given by
]E[tr(XS)Xg)H)] = N?FE,, and the average received signal
power during the pilot phase is E[tr (X" X" H)} - % —

d
A . .. .
Ny, where 1 = % For optimal training, the pilot ma-

trix should be such that X(CP)X(CP)H = puln, [11].
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Fig. 1. Transmission scheme with one pilot matrix followed by N, data
STBC matrices in each frame.

We want to estimate the channel matrix, H, € CN»>*Nt We
assume block fading, where the channel gains remain con-
stant over one frame consisting of (1 + N;)N; channel uses,
which can be viewed as the channel coherence time. This
assumption can be valid in slow fading fixed wireless appli-
cations (e.g., as in possible applications like BS-to-BS back-
bone connectivity and BS-to-CPE wireless IPTV/HDTV dis-
tribution). For this training-based system and channel model,
Hassibi and Hochwald presented a lower bound on the capac-
ity in [11]; we will illustrate the nearness of the performance
achieved by the proposed scheme to this bound. The received
frame is of dimension N, x N;(1+ Ny), and can be written as

Ve = [YOXD YD Y|~ H A AN, ©)

where N, = [Nf’ NO NG LN ] is the N, x N¢(1+ Ng)
noise matrix and its entries are modeled as i.i.d. CN/(0, 02 =
% ), where ~y is the average SNR per receive antenna. Equa-
tion (9) can be decomposed into two parts, namely, the pilot
matrix part and the data matrices part, as

Y®

H X + NP, (10)

and

v® [Ym Y@ ,,,Y<Nd)]

- H. [xﬁ” x® ---ngf”} n [NS’ N ---NﬁNd)}. (11)

A. MMSE Estimation Scheme

A straight-forward way to achieve detection of data symbols
with estimated channel coefficients is as follows:

1) Estimate the channel gains via an MMSE estimator from
the signal received during the first NV; channel uses (i.e.,
during pilot transmission); i.e., given YgP ) and X(CP), an
estimate of the channel matrix H,. is found as

HY = YO (XP)H 021y, + XP(XP)H] 7 (12)

2) Use the above HS* in place of H.. in the LAS algo-
rithm (reported in [6],[13]) and detect the transmitted
data symbols.

B. Proposed Iterative Detection/Estimation Scheme

Techniques that employ iterations between channel estima-
tion and detection can offer improved performance. Here,
we propose an ‘iterative detection/estimation scheme,” which
works as follows:

1) Obtain an initial estimate of the channel matrix using
the MMSE estimator in (12) from the pilot part.
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Fig. 2. Hassibi-Hochwald (H-H) capacity bound for 1P+8D (T' = 144, 7 =
16,8p = Bq = 1) and 1P+1D (T' = 32,7 = 16, Bp = B4 = 1) training
fora 16 x 16 MIMO channel. Perfect CSIR capacity is also shown.

2) Using the estimated channel matrix, detect the data STBC
matrices X((f), 1 =1,2,---, Ng using the LAS detec-
tor. Substituting these detected STBC matrices into (8),
form X5t

3) Re-estimate the channel matrix using X" from the
previous step, via

Hgst _ yC(XCest)H [O_Q]:Nt + Xcest(Xcest)H] _? (13)
4) TIterate steps 2 and 3 until convergence or for a specified
number of iterations.

The complexity of obtaining the MMSE estimates in (12) and
(13) is less than the LAS detection complexity. Since the
number of detection/estimation iterations is typically small
(our simulations showed that the performance gain saturates
beyond 4 iterations), the overall order of complexity remains
same as that of the LAS algorithm with MMSE initial vector.

C. BER Performance with Estimated CSIR

We evaluated the BER performance of the LAS detector us-
ing estimated CSIR, where we estimate the channel gain ma-
trix through the training-based estimation schemes describ-
ed in the previous two subsections. We consider the BER
performance under three scenarios, namely, ¢) under perfect
CSIR, %) under CSIR estimated using the MMSE estimation
scheme in Sec. II-A, and ¢i7) under CSIR estimated using
the iterative detection/estimation scheme in Sec. III-B. In the
case of estimated CSIR, we show plots for 1P+/N;D training,
where by 1P+/N;D training we mean a training scheme with
a frame of size 1 + Ny matrices with 1 pilot matrix followed
Ny data STBC matrices from CDA. For this 1P+/NyD training
scheme, a lower bound on the capacity is given by [11]

T _ 2 H/ H/H
= "E [mgdet (IM 4 7 BafpT cle )},(14)

Ni(1+7Ba) +18p7 Neo?,
where 1" and 7, respectively, are the frame size (i.e., chan-
nel coherence time) and pilot duration in number of chan-
L_E [tr{H;H;H }} where H, =

C >

nel uses, and ail, = NN
E [Hc | X®, YEP)] is the MMSE estimate of the channel gain
matrix, given by (12). We computed the capacity bound in
(14) through simulations for 1P+8D and 1P+1D training for a
16 x 16 MIMO channel. For 1P+8D training 7' = (1+8)16 =
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Fig. 3. Uncoded BER of LAS detector for 16 x 16 STBC with ) perfect
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Fig. 4. Turbo coded BER performance of LAS detector for 16 x 16 STBC
with ¢) perfect CSIR, ¢7) CSIR using MMSE estimation, and 4¢3) CSIR using
iterative detection/channel estimation (4 iterations). Ny = N, = 16, 4-
QAM, rate-3/4 turbo code, 1P+1D (T =32,7=16,0p = Bq = 1) and
1P+8D (T = 144, 7 = 16, 3, = 84 = 1) training.

144, 7 = 16, and for 1P+1D training 7' = (1 + 1)16 = 32,
7 = 16. In computing the bounds (shown in Fig. 2) and in
BER simulations (in Figs. 3, 4), we have used 3, = 35 = 1.

In Fig. 2, we plot the computed capacity bounds, along with
the capacity under perfect CSIR. We obtain the minimum
SNR for a given capacity bound in (14) from the plots in Fig.
2, and show (later in Fig. 4) the nearness of the coded BER
of the proposed scheme to this SNR limit. We note that im-
proved capacity and BER performance can be achieved if op-
timum pilot/data power allocation derived in [11] is used in-
stead of the allocation used in Figs. 2to 4 (i.e., 8, = B4 = 1).
We have used the optimum power allocation in [11] for gen-
erating the BER plots in Figs. 5 and 6. In all the BER simu-
lations with training, ,/z Iy, is used as the pilot matrix.

First, in Fig. 3, we plot the uncoded BER performance of
LAS detector when 1P+1D and 1P+8D training are used for
channel estimation in a 16 x 16 STBC (with 6 = ¢t = 1)
MIMO system with N; = N, = 16 and 4-QAM. BER per-
formance with perfect CSIR is also plotted for comparison.

From Fig. 3, it can be observed that, as expected, the BER
degrades with estimated CSIR compared to that with perfect
CSIR. With MMSE estimation scheme, the performance with
1P+1D and 1P+8D are same because of the one-shot nature
of the MMSE estimation. Also, with 1P+1D training, both
the MMSE estimation scheme as well as the iterative detec-
tion/estimation scheme (with 4 iterations between detection
and estimation) perform almost the same, which is about 3 dB
worse compared to that of perfect CSIR at an uncoded BER
of 1073, This indicates that with 1P+N,D training, iteration
between detection and estimation does not improve perfor-
mance much over the non-iterative scheme (i.e., the MMSE
estimation scheme) for small Ny. With large N, (e.g., slow
fading), however, the iterative scheme outperforms the non-
iterative scheme; e.g., with 1P+8D training, the performance
of the iterative detection/estimation improves by about 1 dB
compared to the MMSE estimation.

Next, in Fig. 4, we present the rate-3/4 turbo coded BER of
LAS detector using estimated CSIR for the cases of 1P+8D
and 1P+1D training. From Fig. 4, it can be seen that, com-
pared to that of perfect CSIR, the estimated CSIR perfor-
mance is worse by about 3 dB in terms of coded BER for
1P+8D training. With MMSE estimation scheme, 10~* coded
BER occurs at about 12 — 7.7 = 4.3 dB away from the ca-
pacity bound for 1P+1D and 1P+8D training. This nearness
to capacity bound improves by about 0.6 dB for the iterative
detection/estimation scheme. We note that for the system in
Fig. 4 with parameters 16 x 16 STBC, 4-QAM, rate-3/4 turbo
code, and 1P+8D training with 7" = 144, 7 = 16, we achieve
a high spectral efficiency of 16 x 2 x % X % = 21.3 bps/Hz
even after accounting for the overheads involved in chan-
nel estimation (i.e., pilot matrix) and channel coding, while
achieving good near-capacity performance at low complex-
ity. This points to the suitability of the proposed approach of
using LAS detection along with iterative detection/estimation
in practical implementation of large STBC MIMO systems.

Finally, in Fig. 5, we illustrate the coded BER performance
of LAS detection and iterative detection/estimation scheme
for different coherence times, 7', for a fixed N; = N,. = 16,
16 x 16 STBC, 4-QAM, and rate-3/4 turbo code. The var-
ious values of T considered and the corresponding spectral
efficiencies are: i) T' = 32, IP+1D, 12 bps/Hz, i) T' = 144,
1P+8D, 21.3 bps/Hz, #ii) T = 400, 1P+24D, 23.1 bps/Hz,
and iv) T = 784, 1P+48D, 23.5 bps/Hz. In all these cases,
optimum pilot/data power allocation in [11] is used. From
Fig. 5, it can be seen that for these four cases, 10~* coded
BER occurs at around 12 dB, 10.6 dB, 9.7 dB, and 9.4 dB, re-
spectively. The 10~* coded BER for perfect CSIR happens at
around 8.5 dB. This indicates that the performance with esti-
mated CSIR improves as 7' is increased, and that performance
loss less than 1 dB compared to perfect CSIR can be achieved
with large T (i.e., slow fading). For example, with 1P+48D
training (1" = 784), the performance with estimated CSIR
gets close to that with perfect CSIR both in terms of spec-
tral efficiency (23.5 vs 24 bps/Hz) as well as SNR at which
10~* coded BER occurs (8.5 vs 9.4 dB). This is expected,
since the channel estimation becomes increasingly accurate
in slow fading (large coherent times) while incurring only
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Fig. 5. Turbo coded BER performance of LAS detection and iterative es-

timation/detection as a function of coherence time, 17" = 32, 144, 400, 784,
for a given Ny = N, = 16. 16 x 16 STBC, 4-QAM, rate-3/4 turbo code.
Spectral efficiency and BER performance with estimated CSIR approaches
to those with perfect CSIR in slow fading (i.e., large T').

a small loss in spectral efficiency due to pilot matrix over-
head. This result is significant because 1" is typically large
in fixed/low-mobility wireless applications, and the proposed
system can effectively achieve high spectral efficiencies as
well as good performance in such applications.

D. On Optimum Ny for a Given N,. and T

In [11], through theoretical capacity bounds it has been shown
that, for a given NV,., T" and SNR, there is an optimum value
of N, that maximizes the capacity bound (refer Figs. 5 and
6 in [11], where the optimum N, is shown to be greater than
N, in Fig. 5 and less than N, in Fig. 6). For example,
for N, = 16, T' = 48, and SNR = 10 dB, the capacity
bound evaluated using (14) with optimum power allocation
for Ny = 12 is 19.73 bps/Hz, whereas for N; = 16 the ca-
pacity bound reduces to 17.53 bps/Hz showing that the opti-
mum /V; in this case will be less than N,.. We demonstrate
this phenomenon in practical systems by comparing the sim-
ulated coded BER performance of two systems, referred to
as System-I and System-II, using LAS detection and itera-
tive detection/estimation scheme. The parameters of System-
I and System-II are as follows: N, and T are fixed at 16 and
48, respectively, in both systems. System-I uses 16 trans-
mit antennas and 16 x 16 STBC, whereas System-II uses 12
transmit antennas and 12 x 12 STBC. Since the pilot matrix
is N In,, the pilot duration 7 is 16 and 12, respectively, for
System-I and System-II. Optimum pilot/data power alloca-
tion and 4-QAM modulation are employed in both systems.
System-I uses rate-1/2 turbo code and system-II uses rate-3/4
turbo code. With the above system parameters, the spectral
efficiency achieved in System-I is 16 x 2 x % X % = 10.33
bps/Hz, whereas System-II achieves a higher spectral effi-
ciency of 12 x 2 x 3 x 32 = 13.5 bps/Hz. In Fig. 6, we
plot the coded BER of both these systems using LAS detec-
tion and iterative detection/estimation. From Fig. 6, it can be
observed that System-II with a smaller /V; and higher spec-
tral efficiency in fact achieves 10~* coded BER at a lesser
SNR than System-I (8.9 dB in Sys-II vs 9.3 dB in Sys-I). This
means that because of the training overheads, a larger NV; does
not necessarily mean a higher spectral efficiency; this corrob-

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE ICC 2009 proceedings
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Fig. 6. Comparison between two 1P+/N;D training-based systems, one with
alarger N than the other for a given N;. and T'. With N,- = 16, T' = 48 and
optimum power allocation in both systems, System-1I with Ny = 12 achieves
a higher spectral efficiency (13.5 vs 10.33 bps/Hz) while achieving 10~3

coded BER at a lesser SNR (8.6 vs 8.9 dB) than System-I with Ny = 16.

orates the theoretical prediction in [11].

IV. CONCLUSION
We presented the simulated BER performance of low-comp-
lexity detection of large non-orthogonal STBC MIMO sys-
tems in conjunction with a channel estimation scheme. The
very good BER and nearness-to-capacity results reported here
at practically affordable low complexities point to a key ob-
servation that detection and channel estimation need not be a
bottleneck in realizing large STBC MIMO systems. Wireless
standards (e.g., [EEE 802.11n/VHT, 802.16) can potentially
consider such large MIMO systems as options for the future.
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