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Abstract A design of closed-loop grouped space—time block codes (G-STBCs) including
encoding, decoding and codeword selection is proposed for the downlink over Rayleigh
flat-fading channels. In particular, at the transmitter, the antenna array is partitioned into a
number of groups, each of which is encoded based on the orthogonal STBC (O-STBC). At
the receiver, by exploiting the algebraic structure of orthogonal codes, a low-complexity, in
recursion form, group-wise ordered successive interference cancellation (OSIC) detector is
developed. Moreover, the G-STBC codeword is designed and a G-STBC codeword selec-
tion criterion that minimizes the BER performance under the constraints of a fixed spectral
efficiency and total transmit power is then proposed. The selection index of the G-STBC
codeword and the associated modulation type are determined at the receiver and conveyed to
the transmitter with a limited feedback overhead to choose an appropriate mode for transmis-
sion. Finally, Numerical examples are used for illustrating the performance of the proposed
G-STBCs, OSIC based detection and G-STBC codeword selection criterion.
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1 Introduction

Future wireless applications such as the 3GPP long-term evaluation (LTE) [1] and IEEE
802.16e-2005 [2] create the insatiability in the demand for “high data rate” and “high link
quality” wireless access [3-5]. Since the communications spectrum is a scarce and very
expensive resource, an efficient spectrum management is crucial for achieving the high spec-
tral efficiency. While the conventional temporal, or frequency domain only signal processing
techniques would suffer from the need of additional bandwidth, the spatial domain approaches
are known to be capable of enhancing signal quality and system capacity through exploiting
the spatial resource [6,7]. The adoption of multiple antennas at the transmitter and the receiver,
i.e., the multi-input multi-output (MIMO) techniques [8—13], promises a significant increase
in data rate and link quality without bandwidth expansion and is thus capable of meeting the
formidable service requirements in the next-generation wireless communications.

The core scheme of MIMO systems is the space—time coding (STC) [3-5], [7-14]. The
two main functions of STC are spatial multiplexing (SM) and transmit diversity (TD). High
spectral efficiency can be achieved through SM by simultaneously transmitting independent
data streams from different antennas, e.g., layered STCs (LSTCs) or a.k.a., the Bell Labs
layered ST (BLAST) techniques [8—10]. High link quality, on the other hand, is guaranteed if
redundant signals are made and sent from different antennas through independent channels
to the receiver. The ST block codes (STBCs) [12,13] and ST trellis codes [11] are the two
well-known TD techniques in MIMO systems. In particular, these goals may be mutually
conflicting, and some compromise is needed to optimize the system performance [7,15]. SM
and TD are two extreme and complementary transmission strategies in MIMO systems. In
a rich-scattering environment, the SM technique is the most effective solution for achieving
high data rate transmission. However, in such an environment, the receive signal-to-noise
ratio (SNR) for certain links may be low due to deep channel fades or a large path-loss [7].
The high-rate benefit of SM can thus be largely annihilated by extremely poor detection
performance. On the other hand, in the SM scheme, the receiver must have sufficient degrees
of freedom to effectively separate the signals transmitted from all transmit antennas. Linear
algebra indicates that at least N degrees of freedom is needed to separate N signals. Since
the receiver degrees of freedom are offered by the receive antennas, the number of receive
antennas must not be smaller than that of transmit antennas, which is an unfavorable factor
for mobile terminals. On the contrary, TD scheme is an effective solution, in general suitable
for a small-size transmit antenna array (less than four antenna elements), to maintain link
robustness over a severely fading environment. Equivalently, a good link quality guarantee
achieved by TD can allow high data rate transmission through the use of high order modu-
lation. However, power requirement becomes excessive and hardware realization becomes
more complex, leading to a limit in performance [16]. A feasible solution without leveraging
the power resource is to combine these two transmission techniques for jointly promoting
the data rate and compensating the link loss.

To promote a high-speed transmission with an utmost data transmission efficiency, a
prospective approach, therefore, is to look for a certain transmission strategy that can boost
as much as possible the data rate for good link channels and, on the other hand, switch to
other securing mechanisms for guarding the data from channel impairments if any [17]. To
build up such a high-throughput system, we suggest endowing the transmitter with the flex-
ibility in choosing a flexible and robust signal transmission scheme better suited to system
requirements and/or channel conditions. Therefore, a more general scheme combining the
concepts of SM and TD techniques is considered at the transmitter in this paper. Specifically,
we first decouple the transmit antenna array into several groups, with each having the number
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of antennas from two to four and being encoded via the orthogonal based ST block codes
(O-STBCs) [13]. We refer to the coding scheme as the “grouped STBC (G-STBC)”, and the
structure of antenna grouping (or antenna group configuration) is called a G-STBC codeword.
Such a transmit antenna configuration of a G-STBC codeword can be regarded as a variation
of the SM signaling strategy by treating one antenna group as a particular data stream unit (or
the so called layer). As a result, the G-STBC can be regarded as a mixed architecture which
has the advantages of SM and TD based transmit schemes. Essentially, since multiple code
rates can be provided by such an encoding strategy over a block of symbols at the transmitter,
it can also be referred to as a “variable-rate” STBC scheme. This coding strategy is different
from the scheme proposed in [18], which mainly focuses on a small-size transmit antenna
array.

In this paper, a flexible G-STBC scheme with an arbitrary number of transmit antennas
is developed for the downlink over Rayleigh flat-fading channels. By adopting the pro-
posed G-STBC encoding strategy, the number of receive antennas used at the user terminal
can thus be greatly reduced without performance loss, meeting the practical consideration
in implementation cost and physical size. The main motivations of adopting the proposed
G-STBC are described in the sequel. Considering that each antenna group is an indepen-
dent data stream unit, signal detection/interference suppression becomes a factor dominating
the link performance in such a system. As known, to detect the transmitted symbols, the
optimal solution is the maximum likelihood (ML) detection [7,14]. However, ML is usually
prohibitive for practical use due to its high computational complexity. Recently, there are
various alternative interference mitigation schemes reported in the literature [19,26]. It was
suggested in [24,26] that this problem can be tackled through a multi-user (MU) detection
framework, and demonstrated that if all users use O-STBC scheme with the same number
of antennas for transmission, then the ordered successive interference cancellation (OSIC)
detector would allow a “user-wise” joint detection. By adopting this detection framework, it
is shown in this paper that an “antenna group-wise” detection property can be applied to the
real-valued constellations in the proposed G-STBC system. However, for complex-valued
constellations, it is shown that the per-antenna group detection property will no longer hold
leading to extra computational burden. To remedy this, we propose a new OSIC detector for
which the antenna group-wise detection property holds for all possible G-STBC codewords
be it real or complex. Moreover, a computationally efficient recursion based implementation
associated with such an OSIC detector is then developed based on the distinctive struc-
tures embedded in the matched-filtered channel matrix (MFCM) [25] to further alleviate the
detection computational load. Besides, the codeword structures are studied and a G-STBC
codeword selection criterion is proposed based on the minimum BER performance under the
fixed total transmit power and total spectral efficiency constraint. As a result, The selected
G-STBC codeword and associated modulation scheme can be regarded as a mode, and the
selection index of the mode can be conveyed from the receiver to the transmitter with a lim-
ited feedback overhead. Finally, numerical examples are given to illustrate the performance
of the proposed G-STBCs and corresponding OSIC detector.

2 System Model
2.1 System Description and Basic Assumptions

Consider the G-STBC system over a Rayleigh flat-fading channel as illustrated in Fig. 1, in
which N antennas are placed at the transmitter and M antennas are placed at the receiver.

@ Springer



426 C.-L.Hoetal.

s, (k) .J'Ill{f]
A Ant 1
- Ant 1 j (1)
De- _.Constellatuuu 2, k)
=] Mo Mapper Sroup = Space-Time[~>
s()1: Lofy] S8se o7 Grouped j N, Matched . —
l 282 " [ pacetime| - A Mimimo Filter Group-“fr, 3 (k)
"L, (k pBIock T.")  channel (Linearly Wise
sk Encoder Ant combined osIC
Constellationj=»{ (@ Groups) s uylt) with Detector} | 8(k)
so(k)| e ™1™ mapper Group ™ | "M’ channel Ky
=5 Mux ooloo j matrix) [~
1 L] 352 “’_I_: R Jant NG Ant M 2, |k & e
1 sl Zo.x, () N o,
| Controll |‘J Feedback Information%,
ontrofler 5 (Codeword Selection) ¢
Transmitter Receiver

Fig. 1 Transmitter and receiver architectures

The N transmit antenna elements are partitioned into Q antenna groups as (N1, ..., Ng)
with each comprising 2 < N; < 4 (< N) antennas! so that Ni+No+---+Ng =N.
In particular, for the gth group, consecutive B, symbols of the data stream are spatially
and temporally encoded according to O-STBC, and then transmitted across N, antennas
over K, symbol periods. Assume that unit-rate codes for real-valued constellations with
2 < N; < 4 and complex-valued constellations with N, = 2, and half-rate codes for
complex-valued constellations with 3 < N, < 4 can be applied to each antenna group.
If K := max{Ky, K5, ..., Kp}, then according to the property of O-STBCs, K will be
a multiple of K, i.e., K = «,K,; where k, := K/K, is a positive integer. During K
symbol periods, each antenna group sends L, := k4B, independent symbols, and there
are thus in total Lt := ZC?:] L, =K Zqul (B4/K,) data symbols transmitted from the
Q antenna groups every K symbol periods. Each antenna group’s code, called the group
code, can be completely described by an associated N; x K ST codeword matrix X, (k),
q =1, ..., Q. Dividing the data stream of the gth antenna group s, (k) into blocks of sub-
streams as sq ;(k) := s4(Lgk +1—1),1 =1, ..., Ly, then the ST codeword matrix of the
gth group can be written as

2L,

X, (k) =" Agifqu(k), 1)

=1

where A, ; € CNa*K s the ST modulation matrix having the following properties:

H _ K _
[Aq,kAqJ = w5 1v, k=1, o

Aq,kAj;{, + Aq,IA};{k =0y, k #1.

The split real-valued symbols 5, ; (k) is defined as 5, ; (k) := Re{s, ;(k)}, forl =1,..., Ly,
and §, (k) := Im{sqql_Lq (k)}, for I = L, +1,...,2L,. Moreover, splitting the source
symbols into real and imaginary parts will also facilitate both the problem formulation and
underlying analysis, regardless of the number of group antennas N, and symbol constella-
tions.

! Here we only consider 2 < N, < 4. This is because that the group-wise detection property in the OSIC
algorithm will fail for Ny > 4 (see Sect. 4). The case N; = 1 can be incorporated but is not included in the
deviation; a detailed discussion will be given in Sect. 3.3 instead.
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Assume that M (> Q) antennas are located at the receiver. Let y,, (k) be the received
discrete-time signal, sampled at the symbol-rate, from the mth receive antenna and define
y(k) == [y1(k), ..., yu(k)]T € CM. Collecting y(k) over K successive symbol periods, we
have the following M x K ST signal model (assuming that the Q antenna groups are symbol
synchronized):

o
Y(k) = [yt -yl + K = ] = > HyX, (k) + V(k), 3)
g=1

where H;, = \/PTI C,, with P, being the transmit power of the gth antenna group so that
Py + P, +---+ Pg = Pr, where Py is the total transmit power. C; is the M x N, MIMO
matrix channel from the gth antenna group to the receiver, and V(k) € CM*X is the channel
noise. The following assumptions are made in the sequel:

(al) The symbol streams s, (k), g =1, ..., Q, are i.i.d. with zero-mean and unit-variance,
and have the same modulation scheme.

(a2) Equal power allocation is assumed for all antenna groups.

(a3) Each entry of the MIMO matrix channel C;, g =1, ..., Q,is ani.i.d. complex Gauss-
ian random variable with zero-mean and unit-variance, and assumed to be static during
the K symbol periods.

(a4) The noise V (k) is spatially and temporally white, each entry being with zero-mean and
variance 2.

(a5) With2 < N, <4, we have B, € {2, 4} according to O-STBCs.

2.2 Real-valued Vectorized Signal Model

To simplify the detection and analysis process, we propose to use the equivalent linear vector

model, based on (3). Specifically, lets, (k) := [sq, 1K)y .. sq.L . (k)] T be the kth transmitted
T

symbol block of the gth group. Define §, (k) := [Re{sg (k)} Im{sg (k)}] € R*Lq and

y(k) := [Refy” (k)} Im{y” (k)}]T € R?M to be the split real-valued symbol block of the gth
antenna group and the received signal vector. Associated with H,, we form the following
augmented matrix:

H, :=Ix ® Hy e R*¥M2KNe =1 . 0, )
where
kel Re {H —Im{H } 2M x2N,
i = [ b)) | e R )
! [Im EHq Re {H, }
and the notation ® stands for the Kronecker product. Also define
5D (1
aq,l - aq,qu
A, = Do e R?KN2Ly =1, ..., 0, (6)
5 (K) 5 (K)
aq’l N aq,ZLq
where
() . i’ D L T
ay) = |Refaf}]” m{af)] | erM =1k, )
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witha'/ 1) denoting the jth column of the matrix A, ;. Then the complex-valued matrix signal

model (3) can be rewritten as the following 2K M x 1 real-valued vectorized signal model:
- - T
Ye(k) == [yk),.... 5k + K — D)]" = Hes (k) + ve(k), ®)
where

H, = [HiA; ---HpAp] € R2FM>2Lr )

T
is the equivalent ST channel matrix, s.(k) := [§1T (k)---s Q(k)] € R2L7 s the transmit-

ted symbol vector from Q antenna groups, and v.(k) € R*®M is the corresponding noise
component. Then multiplying both sides of (8) from the left by H! yields the 2Lz x 1
“matched-filtered (MF)” signal vector:

z(k) :=H!y (k) = Fsc (k) + v(k), (10)
where
F:=H'H, e R*1>3L7 (1D

is the matched-filtered channel matrix (MFCM) and v(k) := HZVC (k). Based on the MF
signal z(k), we can detect the unknown symbols over an observation space of a relatively
small dimension. We will hereafter rely on the filtered model (10) for detection.

3 OSIC Detection for Real-valued Constellations

To detect the transmitted symbols, we propose to adopt the algorithm proposed in [25]. For
real-valued constellations, by using the distinctive structures of the MFCM F shown in the
following, we will see that the OSIC detector can jointly detect a block of K symbols per
iteration associated with a particular antenna group. This is called the “antenna group-wise”
OSIC detection property, in the considered G-STBC systems.

3.1 Matched-Filtered Channel Matrix

Before deriving the algorithm, we need to characterize the structures of F. We only show
the important results; the detail can be referred to [25]. In the sequel, we denote by O(K)
the set of all K x K real orthogonal designs with K independent inputs. Also, we denote by
O(K, L) the set of all K x K real orthogonal designs with L independent inputs.

Lemma 3.1 Consider the real-valued constellations with 2 < N,, N, < 4. According to
O-STBCs, we have K € {2,4}. Let ¥}, , be the (p, q)th L, x Ly block submatrix of F,
where F is defined in (11). Then we have ¥y 4 = ayIx and ¥, 4 € O(K) whenever p # q.

Proof See Appendix A. O
Precisely, Lemma 3.1 specifies that for p # g:

(pl) For K =2,itturnsout Ny = N, = --- = Ng =2.ThenF, , € O(2).

(p2) For K =4and N, = N, = 2, each 2 x 2 block diagonal submatrix of F), ;, € R4
belongs to an orthogonal design and each 2 x 2 block off-diagonal submatrix of F), ,
is a zero matrix. As aresult, ¥, , € O(4,2).

(p3) ForK =4and2 < N,, N, <4butN, # N, #2,F,, € O4).
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Table 1 Summary of structures of the MFCM F, 4 for real-valued constellations

Real-valued constellations

K=2 Np=Ng=2 p=q:Fyqg =040
p#q:FpgeOQ)
K =4 Np=Ng=2 p=q:Fqq=04ly

p#q:Fpge R4x4
F)) =F7) c 0

rq =
1,2 2,1
F(p,q) :Fgw) =0
2<Np,Ng <4 p=q:Fqq=0a4ly
Np #Ng #2 p=q:Fpqs=€04)

Lemma 3.1 is summarized in Table 1, in which we denote by ngé) the (s, t)th block
submatrix of F, , with a proper dimension. It shows that the block orthogonal structures of
F can substantially be preserved, and the “antenna group-wise” OSIC detection can thus be
done.

3.2 Group-wise OSIC Detection

Let us first define Fx . (L) to be the set of all invertible real symmetric K L x K L matrices,
where K and L are two positive integers, so that, for X € Fx (L), with Xy ; being the (k, [)th
K x K submatrix of X, we have X;; = B/Ix and Xy ; € O(K) for k # [. In the following
theorem, we will see that F—!, loosely stated, “inherits” the key features of F established in
Lemma 3.1.

Theorem 3.1 Consider the real-valued constellations with 2 < Np, N; < 4 and hence
K € {2,4). Let F € RETXLT pe the MFCM as defined in (11). Then each K x K block
diagonal submatrix of ¥~ is a scalar multiple of Ix and each K x K block off-diagonal
submatrix of F~1 belongs to O(K). This shows that the K L diagonal entries of F~! assume
L distinct levels B, 1 = 1, ..., L, that is

diag (F~') = {B1.... B, Bas- - Bos e Lo BL), (12)
—_—— —— — —
K entries K entries K entries

where diag(-) denotes the diagonal operation.

Proof Theorem 3.1 is in fact an immediate result of the following lemma by setting
L=0. 0

Lemma 3.2 IfF € Fgr (L), then so is F 1

Proof See [26]. O

From (12), based on the zero-forcing (ZF) OSIC detection, we can see that it suffices
to search among the L values, one associated with a particular “antenna group” (or a layer
in the standard V-BLAST detection), for the optimal detection order. Therefore, we can
simultaneously detect a block of K symbols at the initial stage.

To compute the optimal indices and corresponding weights (either for ZF criterion or for
minimum mean square error (MMSE) criterion as shown in [25]) required in OSIC based
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detection, we need to have the explicit knowledge of diagonal entries of Fl._], where
F; :=H] H.; e RFE-DKE=D (13)

is the “deflated” MFCM at the ith iteration, with H,; obtained by deleting the associated

block(s) of K columns (corresponding to the previously detected signals) from H.. With such

a detect-and-cancel procedure in OSIC followed by an associated linear combining of the

resultant signal (10), it can be directly verified that the noise covariance matrix for ZF OSIC is

of the form F i_l at the ith iteration of OSIC,i = 1, ..., L — 1. Since F; is simply obtained by

deleting the associated block(s) of K columns and rows from F, we have F; € Fg (L —1i).
From Lemma 3.2, it can be immediately shown that F;” ler xr(L —1),and

diag (F,-_]) ={Bits-- s Bits Bz Bizs s BiL—in oo BiiL—i}, (14)

K entries K entries K entries

where §; is the /th distinct value distributed on the diagonal of Fl._]. As a consequence, a
block of K symbols transmitted from a particular antenna group can be jointly detected at
each iteration.

3.3 Incorporation of SM in Proposed G-STBC System

The proposed G-STBC can incorporate the SM encoding scheme as described in [25], in
which we treat one antenna as one antenna group for the SM case. The incorporation of SM
into the proposed G-STBC system can increase the spectral efficiency by working with an
increased number of antenna groups (or data substreams). A price paid for this is that the
receiver would then need more antennas in order to have a sufficient number of degrees of
freedom for data detection. To realize this mixed-mode structure (G-STBC+SM), we con-
sider the real-valued constellation as described in [25]. In this case, the equivalent matrix F
can be derived as in (10), and has the following properties (see Proposition 3.1 of [25]):

(pl) If p,g € Sy, theneachF , € RE*K is a scalar multiple of Ig.
(p2) 1If p,q € Sp, thenF, , is as described in Lemma 3.1.
(p3) If pe Spandgq € Sy, thenF,, ;, € RE*K belongs O(K).

It is noteworthy that a scalar multiple of Ix also belongs to an orthogonal structure. As a
result, the implementation issues of group-wise OSIC detection in [25] can also be applied
to the G-STBC + SM system. As a demonstration, the possible sets of encoding schemes are
listed in Table 4 for2 < N < 8.

As can be seen from Table 4, the number of possible encoding schemes, or codewords
increases significantly as N increases, making the encoding and decoding process a complex
task when N is large (codeword selection is done by the receiver). Furthermore, with a large
number of antenna groups involved, the number of antennas, and corresponding number of
iterations for the OSIC based detection will be large at the receiver. Finally, the SM mode
lacks the diversity gain as with the O-STBC mode, and is thus less reliable especially when
the user is far from the base station. The above considerations suggest that the proposed
G-STBC based scheme is a better choice for the downlink scenario than the mixed-mode
alternative.
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4 OSIC Detection for Complex-valued Constellations

As presented in Sect. 3.2, when the real symbol constellations are used, the OSIC
detection algorithm can be implemented in an “antenna group-wise” manner. However for
the complex symbol case, it will be shown below that only a half of a block of 2L, real-valued
symbols, (i.e., a block of L, real-valued symbols) either from the real part or imaginary part
of the complex-valued symbols associated with an antenna group may per iteration be jointly
detected in OSIC based processing.

4.1 Matched-filtered Channel Matrix

For complex-valued constellations, there are some relevant results essentially different from
those in Lemma 3.1. These results will significantly affect the detection framework in OSIC
based processing.

Lemma 4.1 Consider the complex-valued constellations with2 < N, Ny < 4. According
to O-STBCs, we get K € {2, 8}. Let ¥, 4 be the (p, q)th 2L, x 2L, block submatrix of F,
where F is defined in (11). Then the following results hold.

1) ForK =2, and Ny =Ny =---=Nop=2F,, =a,14 and ¥, , € O(4) whenever
0 q.q q P-4
P#4q.

(p2) ForK =8and N, = N, =2, F, , = a,lig and F,, € R'*1 with F') € 0(8,2),
s,t = 1,2, whenever p # q. Moreover, F;,lqul) = F(p%'qz) and Fg”qz) = —Fﬁ};).

(p3) For K = 8and N, = 2,3 < N, < 4, Fyy = oglpr, and ¥, , € RO wirh
F%’%)) € (’)(541)), s (Tz)l, R ét,z ;): 1, ZE%V;J)heneverMpz);é q. Moreover, Ffpl,’ql) = Fg,zqu),
Foy =Fpq ¥y =—Fp  and ¥, = —Fp " . -

(p4) For K =8and3 < N,, N, <4,F,, = a,ly andF,, € R®S with B\, = F” ¢

O4) and Fg.’qz) = Fg’ql) = Oy, whenever p # q. In this case, F), ;, € O(8, 4).

Proof See Appendix B. d
From Lemma 4.1, we have the following results:

I. ForK=8and N, =N, =2,F) F,,=F, F) =cls.

cily Oy :|

2. ForK =8andN,=2,3<N, <4,F) F,, = [ 0; ol

The results in Lemma 4.1 are summarized in Table 2. This special structure will no longer
allow the “antenna group-wise” OSIC detection framework as described in the real-valued
constellations case (see the next section for further explanation).

4.2 Group-wise OSIC Detection

From Lemma 4.1, it can be seen in what follows that Fi_1 no longer inherits the essential

structure of F;. Before investigating the structure of F ;1, the following definitions are made.
Partition the diagonal entries of F; into G; decision groups, with each having the same
(nonzero) value, i.e.,

diag(F;) = {oti1, ..., Qi 1, Qi2, oy 02, oy Qi Gyy e oo O04.Gy )

150 group: Gi1 27 group: Gi» Gf.h group: Gi g,
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Table 2 Summary of structures of the MFCM F, 4 for complex-valued constellations

Complex-valued Constellations

K=2 Np=Ng=2 p=q :Fyqg =04y
p#q:FpqeO@)
Np=Ng=2 p=q:Fqq =a4lig

pPF£q :prq e R]6><16
Fi) e 0.2, 1<s.1<2
(L) _ p2.2), p(1,2) _ _p@1)
F,qy =F F ~Fyy

pg ¥pg =
K =28 Np=2 p#q:F¥qq=0aq4
3<Ny<4 p#q:FpqeROS

Fideow,1<s<41<i1<2
(LD _ g1, gG.1) _ gD,
FPv‘I - vaq ’ FPv‘I - Fqu >
(12) _ _p2.2). g3.2) _ _p(4.2)
FPeq - _FP~q ’FP,‘] - —Fp,q
3<Np,Ng <4 P=q:Fqq=04ly
p#q:Fpqe R8*3

L1 2,2 1,2 2,1
FiL = FRD e 0@ FD =¥ =04

={Gi1.Gi2.....GiG} (15)

Each decision group G; ¢, ¢ = 1,..., G;, corresponds to a half of real-valued symbols at
the associated antenna group. Hence, each antenna group has two decision groups, each of
which has L, real-valued symbols. Assuming that {«;, g}g;] have D;(G;) different levels,
then [G;/2] < D;(G;) < G, where D; is a function of G;. This is because that when the
diagonal entries of F; have G; decision groups, there will exist G; — [G; /2] + 1 possible
outcomes with different levels present on the diagonal of F;. For concise notation, we drop
the dependence of D;(G;) on G; in the following. Besides, let Z; | and Z; > be respectively

the sets of indices of decision group for unit-rate codes and half-rate codes, with G; | := |Z; 1|
and G; 7 := |Z; 12| denoting the respective cardinalities. Also, let Z; := Z; | U Z; 1,2 be the
sets of indices set of both decision groups at the ith iteration, with G; := |Z;| denoting the

corresponding cardinality. Then we have

‘Ii.l if ZZNZip=9

I = .
' Linp if NI =9.

(16)

Next, define £ (G, D) to be the set of all invertible real symmetric J x J matrices, where
J, G, D are the positive integers, so that, for X € F 7(G, D), the following hold: (1) each
block diagonal submatrix of X is a (nonzero) scaled identity matrix agIMg, g=1,...,G,
with M, € {2, 4,8}, (2) {otg}éc,;:1 exhibit D different values, with [G/2] < D < G, (3) for
i,j=1,...,G,i # j,each4 x4block submatrix of M; x M block off-diagonal submatrix
of X belongs to O(4) or is a zero matrix. Moreover, if D = G, then F7(G, D = G) can be
simplified as F(G).

Theorem 4.1 Consider the complex-valued constellations. Let F; € RY*Ji be the MFCM
and assume that unit-rate and half-rate codes exist at the ith detection stage, i.e., I; \1; | # ()
and I; NZ; 12 # V. At the ith iteration, let 7;(g), g = 1, ..., G; be the gth element of T;
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and F; € R'™%Ji the MFCM, where
Gi
Jii= D Lijm = D Liz/2)s (17
J€Ti g=1
with Ly € (2,4, 8} for all q. If¥; € Fj,(G;, D;), then F;' € Fy.(Gy).

Proof See Appendix C. O

Theorem 4.1 shows that J; diagonal entries of F;~ ! will assume G ; (= D;) distinct levels
{,3i,g}§;1 (where F; only has D; distinct levels), that is

- -1
diag (Fi ) = {Bi1s---»Bit: Bizs s Bizo s BiGis -5 BiiGi)
15t group: Gi.1 2" group: Gia G;h group: Gi.q,

={Gi1.Gi2 ... GiG }- (18)

From (18), it can be seen that it suffices to search among the G; values, one associated
with a particular block of L, real-valued symbols (i.e., a half of real-valued symbols from
the gth antenna group), for the optimal detection order. In contrast, a full set of real-valued
symbols that only one block is associated with one antenna group in (14). Based on the same
procedures of the group-wise OSIC algorithm (ZF or MMSE criterion) developed for the
real-valued constellations, we can thus only simultaneously detect a block of L, real-valued
symbols from a particular antenna group rather than 2L, real-valued symbols at the ith itera-
tion. The same detection scheme holds in the following iterations if the unit-rate and half-rate
codes still coexist in those yet-to-be-detected antenna groups. However, when the code rates
of all yet-to-be-detected antenna groups are the same, it can be shown according to Theorem
4.1 that the detection property can be simplified to the antenna group-wise detection scheme.
That is, it will per iteration jointly detect either a block of L4 or a block of 2L real-valued
symbols depending on the number of symbols remaining in the corresponding yet-to-be-
detected antenna group. This thus leads to extra computational complexity. The following is
an example for illustrating the possible number of iterations of a G-STBC codeword.

Consider a G-STBC system with eight transmit antenna. A possible G-STBC codeword
has the structure in which the N = 8 transmit antennas are partitioned into three groups of
2, 2, and 4 antennas with the corresponding code rates being 1, 1, and 1/2, respectively. As
a result, the required number of iterations L for optimal ordering performed in OSIC based
detection willbe 4 < L < 6.

5 Implementation Issues of Group-wise OSIC Detection for Complex-valued
Constellations

In this section, some implementation issues of the group-wise OSIC detection including the
antenna group-wise detection strategy, two-stage detection strategy and a computationally
efficient recursive realization are presented to further reduce the receiver complexity. Notice
that the implementation of the group-wise OSIC detection for real-valued constellations has
been discussed in [25], and here only the complex-valued constellations is considered.
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5.1 Antenna Group-wise Detection Strategy

As mentioned in Theorem 4.1, the 2L, entries distributed on the diagonal of F; ! within an
antenna group will exhibit two different levels, Bz, aisl and B, air2 To implement the antenna
group-wise detection, an intuitive approach is to “directly search” the corresponding decision
group index of the diagonal entries of F;l to find the minimum value of the grouped diagonal
elements of F;” ! This is called the direct group-wise method. This is the simplest approach,
but will also potentially induce a large detection error. To remedy this, the values 8, | and
By;,2 are averaged within an antenna group as follows:
_ IBq,-,l + ﬂq,-,Z

ﬂ;,q:—f, i=1,....0-1,g=1,...,0—1, (19)

and the ZqQ;li 2L, diagonal entries of Fl._l are rewritten as

diag (F,-_l) ={Bi1.....Bi1.Bi2. - Bi2s ooy Bio—is - Bio—i) (20)

2L, entries 2L, entries 2Lg-; entries
Based on B; 1, ..., Bi,o—i, we can search the corresponding indices by finding the minimal
Bi,j» J = 1,..., 0 — i at the ith iteration. This process is called the average group-wise

method. Since the detection order thus determined may violate the actual optimal sorting,
such a simple processing strategy can reduce the computation at the expense of a possible
performance drop. However, as will be seen in the simulation results, the performance drop
is not significant.

5.2 Two-stage Detection Strategy

Theoretically, the antenna group that has the higher diversity advantage (i.e., larger N, or
lower rate) is robust against channel impairments and can thus be detected first. Based on
this point of view, we propose a “two-stage” detection strategy, in which the low-rate antenna
groups (i.e., Ny = 3 or N, = 4) are detected first through the group-wise OSIC detection
algorithm and then high-rate ones (i.e., N, = 2), to further reduce the detection complexity.
Likewise, due to that detection ordering is non-optimal, such a detection strategy may also
resultin a performance loss, but this performance loss is slight as can be seen in the simulation
results. Note that at each processing stage, different code rates may exist, and the proposed
“average” or “direct” method can be incorporated.

5.3 Recursive Implementation

To further alleviate the detection complexity, we adopt the recursive algorithm proposed in
[25] for implementing the group-wise OSIC detector. However, the method cannot be directly
used here and needs some modifications.

In Theorem 4.1, it is shown that the minimum size of an orthogonal matrix in F!

Pi qi 18
4 x 4, where F;jl’ql_ € R2Lri*2La; s the (p, ¢)th block submatrix of Fl._]. Since the recur-
sion based implementation can only tackle a block orthogonal matrix once at a time, as the
matrix dimension of F; is large, directly implementing the recursion based processing for
the group-wise OSIC detection described above will need more iterations and thus large
computational complexity. Fortunately, the two-stage detection strategy can help to reduce
the required number of iterations. As a result, in the following we will develop the recursion

based implementation incorporating the two-stage detection strategy. Assume that within an

@ Springer



Closed-loop Grouped Space-Time Block Code 435

antenna group there are two levels along the diagonal entries of Fl._] at each iteration. Denote

by F; € RZ(LT_ZJ':1 Lq/)xz(LT_Zj:l L"f) the MFCM at the ith iteration, where L, is the
symbol block length of the gth group to be deleted at the ith iteration. Then F;_; can be
partitioned as

| Fi Big Z(LT_Zi‘_:ll Lq')XZ(LT—Z;_:11 Lq-)
Fior= [BiT—l D, €R : /’ @b

2(Lr=2i2 Ly ) x2Ly; . .
where B;_; € R 7 J -1 and D;_; = di,IIZLqH, with d;_; being a con-
stant. Denote by F;_; the 2 (LT — Z;’:l qu) x 2 (LT — Zi’:l qu) the main submatrix

of Fl__l1 and Fy '~ F~!. From (21) and the inversion lemma for block matrix, F;_; can be
expressed as

_ —1
F_ = (F,‘ — B,;]Dii_llBiTil) . (22)

In particular, it follows from (22) that
Fi = F:_ll + Bi,IDii_llBiTil. (23)

Using the matrix inversion lemma, we have (after some manipulations)

F'=Fii —E1CLEL,, (24)
where E;_; := F;,_B;_;, and
- cri—1lr,, O,
C_ =BT F,_B;_+D,_, = ’ di—1 4i—1 , 25
i—1 i—1ri—1Di—1 i—1 |: OLqi_l CQ,i—]ILqi_l :| ( )
for some scalars ¢j; 1, j = 1,2. In (25), we have used the fact that BiT_lFi_1Bi_1 has

exactly the same structure as that of C;_; [25]. The result is due to the usage of the orthog-
onal codes. This provides a simple recursive formula for computing Flfl based on F;_; and
F;_ 711 without any direct matrix inversion and this reduces the detection computational load
effectively. Note that the good property described in (25) is unique to the two-stage detection.
It is also noteworthy that by using the two-stage detection, as all the antenna groups with
three or four antennas detected, C;_1 will be a scaled identity matrix i.e., ¢1; = c2,;.

6 Grouped Space-Time Block Codes

Based on the low-complexity group-wise OSIC detection framework, we will construct the
G-STBC:s regardless of the number of total transmit antennas N. We then provide a G-STBC
codeword selection criterion to suitably choose the G-STBC codewords in accordance with
the link performance under the constraints of total transmit power and spectral efficiency.

6.1 G-STBC Codeword Construction and Property

Recall that since L, symbols are transmitted from the gth antenna group over K symbol
periods, or in other words, there are in total L7 data symbols transmitted from N antennas
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over K symbol periods, the code rate of the G-STBC is given by

Lr _

K

S N

ZKJ 2R (26)

where «,; := K/K,; = L,/B, is the number of regular O-STBCs, called the elementary
codes, in the gth antenna group over K symbol periods, and REIIV := B, /K, is the code rate
of the gth group code. From (26), we can see that the overall code rate of G-STBC is just the
sum of the code rates of Q group codes. As a result, the total "ST area" N K, occupied by
the grouped ST codeword will satisfy

0 0
q
> (Bq) NgKq =D kgNyKq = NK. 27)

q=1 q=1

For convenient demonstration, the following example is given:

Example Consider N = 10, Q = 4, antenna group configuration (N1, ..., Ng) = (2,2,
3,3) (one of the possible G-STBC codewords) with complex-valued constellations. The
corresponding G-STBC is shown in Fig. 2, in which the total ST area is 80.

Let SV be the set of all possible antenna group configurations associated with N transmit
antennas and define JV := |S¥| to be the respective cardinality, which is the number of all
possible sets for constructmg an N x K G-STBC. Here, we define each antenna group con-
figuration of SV as a G-STBC codeword. Note that during each symbol block of length K,
different antenna group configurations (or G-STBC codewords) can be used for transmission
based on the system requirements and/or channel conditions. Moreover, if we define Q;y to
be the number of antenna groups of the jth possible set for N transmit antennas, then we
have

SN:{(Nl,...,NQN)}, =14V, (28)
J
and Q. < Q;V < QN ., where
Omin = [N/4] (29)
Fig. 2 G-STBC codeword for G-STBC Codeword
=10, Q =4 and e T
(N1, ..., Ng) = (2,2, 3,3) with Group |— 2X 202X 22X 22X 2 Elementary
QPSK modulation Code \ Code
2 X 282 x 282 x 2| (O-STBC)
Il <
z 3x38
(Space-Dim) Total ST
3x8 /_ Area
NK =80
\
- )
YT

K = 8 (Time-Dim)
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and

oN == IN/2] (30)

are the respective minimum and maximum numbers of antenna groups over S” .
For example, when N = 10, there are JV = 5 possible antenna group configurations(i.e.,
5 possible G-STBC codewords):

SV ={(3.3.4, (2,4.4),(2,2,3,3),(2,2,2,4), (2,2,2,2,2)}, (BD
—_— ——— ——— —— s —

SN oN=3 sV: 0¥=3 SY: olV=4 SY¥:. V=4 SV 0V=s5
and Qﬁin =[N/4] =3, Q,lxax = |N/2] = 5. The corresponding code structures are shown
in Fig. 3. It is noteworthy that the order of the grouped antennas in a G-STBC codeword
is not considered for simplicity. As a result, by using the two stage detection strategy, the
optimal ordering of the OSIC process may be violated.

2x 202 % 282 x 2f2 % 2
3x8 b | S0 T
= 3% 8 = 4x 8
I < Il <
4 x 8 4 x 8
g Y
K = 8 K = 8
(a) (b)
2% 282 x 282 x 282 %x 2 2x 282 x 282 x 282 x 2 2x%x 2
2 x 282 x 282 x 282 x 2. 2 x 282 x 282 X 282 x 2 2x 2
2 sEsEEE s ssEEEssEEsssssssmmsnnns 2 S
”< 3% 8 ||<2x22><22><22x2 ||<2x2
ssmssssssssssssssssssssssmmss 2x 2
4 x 8
3x 8 S
~" ~ Y
K=28 K=28 K=2
(0 (d) (e)

Fig.3 Five possible N x K G-STBC codewords with N = 10. (a) K = 8,0 = 3,8V = (3,3,4),RN =15
and LY =3:(b)K =8,0=3,8Y =(2,4,4),RN =2and LN =6:(c) K =8,0 =4,8N = (2,2,3,3),
RN =3and LN =8; ) Kk =8,0=4,8" =(2,2,2,4), RN =35and LY =8;(e) K =2, 0 = 5,
SN =2,2,2,2,2), RN =5and LN =5
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With above examples, some observations regarding the G-STBC codeword properties are
given as follows.

(a) Code rate: For a fixed N, different G-STBC codewords may lead to different code rates
even under the same number of antenna groups.

(b) Diversity advantages: Different transmit diversity gains are provided by different
G-STBC codewords leading to different BER performances.

(c) Computational complexity: Different G-STBC codewords will also lead to different
computational loads at the receiver.

As a result, for a fixed N, the characteristics of G-STBC codeword including code rate,
BER performance and receiver computational complexity will be significantly affected by the
antenna group configuration. Based on above discussions, we can conclude that an optimal
selection of G-STBC codeword, namely G-STBC codeword selection, that can achieve the
best system performance should jointly consider code rate, BER performance and receiver
computational complexity. Table 3 shows all possible G-STBC codewords, the correspond-
ing code rate RV and maximum required number of iterations L for group-wise OSIC with
the number of total transmit antennas ranging from N =2 to N = 16.

6.2 G-STBC Codeword Selection Criterion

As mentioned above, G-STBC codeword selection is a very critical issue to the overall system
performance. The code rate, modulation type, diversity advantage and detection complexity
should be jointly considered at the receiver to efficiently determine an optimal G-STBC code-
word (antenna configuration). We refer to a combination of specific G-STBC codeword and
modulation as a mode, which is similar to the definition in [27]. Denote by M jv the jth mode

of all possible mode candidates for N transmit antennas, and 7 (Mﬁv ) the corresponding

spectral efficiency. Here the same modulation, e.g., M-ary PSK or M-ary QAM modulation,
is considered for all antenna groups, thatis Ry | = --- = Rp o := Ry, where R}, , is the bit
rate of the gth group. As a result, the spectral efficiency of the jth mode can be represented
as

Q
n (M) = 2R DR ()

q=1

Q
= Ro()) D_RY () = Re(DR™ ()) (bits/sec/Hz), (32)
g=1

where Ry 4 (j) is the gth group’s bit rate of the jth mode and RN(j) = Zqul Rf{v (j) is the

total code rate of the jth mode. This shows that the spectral efficiency 1 (M’l\' ) varies with

the code rate R" and transmission bit rate Ry, and these two parameters can be appropriately
adjusted to achieve the desired spectral efficiency. Equivalently, specifying the codeword and
modulation type will define the overall spectral efficiency.

Since the antenna group-wise detection strategy can reduce the detection complexity sig-
nificantly with an acceptable performance drop, in the following, we will design the G-STBC
codeword selection criterion under this detection strategy. Then the optimal mode selec-
tion criterion under the given signal-to-noise ratio (SNR) constraint and spectral efficiency

n (./\/l ﬁv ) can be found by searching the index of candidate modes at which the corresponding
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Table 3 Possible sets of G-STBC codeword and corresponding code rate and maximum required number of
iterations for group-wise OSIC detection

N JN Possible sets of antenna Coding rates, RV* Max number of
configuration, S N iterations, LV*

2 1 2) 1 1

3 1 3) 0.5 1

4 2 4), (2.2) 0.5,2 1,2

5 1 (2,3) 1.5 4

6 3 (3.3), 24), (2,2,2) 1,15,3 2,4,3

7 2 (3.4), (2,2,3) 1,25 2,6

8 4 (4,4),(2,3,3),(2,24), (2,2,2,2) 1,2,25,4 2,6,6,4

9 3 (3,3,3),(2,3,4),(2,2,2,3) 1.5,2,35 6,3,8

10 5 (3,34), (2,4,4), (2,2,3,3), (2,2,2,4), 1.5,2,3,35,5 3,6,8,8,5
(2,2,2,2,2)

11 4 (3.44),(2,3,3,3), (2,2,3,4), 1.5,2.5,3,45 3,8,8,10
(2,2,2,2,4)

12 7 (44.4),(3,3,3,3),(2,3,3,4), 1.5,2,25,3,4,45, 34,8,8,10,10,6
(2,2,44), (2,2,2,3,3), (2,2,2,2,4), 6
(2,2,22,2,2)

13 5 (3.3,34), (2,344, (2,2,3,3,3), 2,2.5,3.5,4,55 4,8, 10, 10, 12
(2,2,2,3,4),(2,2,2,2,2,3)

14 8 (3.3.44), (2,4,44), (2,3,3,3,3), 2,25,3,35,4,5, 4,8,10, 10, 10, 12,
(2,2,334),(2,2,2,44), (2,2,2,2,3,3), 5.5,7 12,7
(2,2,2,2,24),(2,2,2,2,2,2,2)

15 7 (3.4.4.4), (3,3,3,3,3),(2,3,3,3.4), 2,2.5,3,35,45, 4,5,10,10, 12, 12,
(2,2,3,44),(2,2,2,3,3,3), (2,2,2,2,3,4), 5,6.5 14
(2,2,2,2,2,2,3)

16 10 (4,4,44), (3,3,3,3,4), (2,3,3.4,4), 2,2.5,3,3.5,4,45,5, 4,10, 10, 10, 12,
(2,2444),(2,23,33,3),(2,2,2,33,4), 6,6.5,8 12,12, 14,14, 8
(2,2,2,2,44),(2,2,2,2,2,3,3),

(2,222224),(2,2,2,2,2,2,2,2)

*For complex-valued symbol constellations

BER performance is minimal:

j = argpin P, (M]A.’ | {SNR, 7 (My)}) . (33)

Since spectral efficiency is a function of the code rate RV and transmission bit rate Ry, for
a fixed spectral efficiency, specifying R; (i.e., modulation type) will determine R" or the
G-STBC codeword. Hence, the jth G-STBC codeword is selected if

j = argmin . (SY 1 (Pr. Ry()}) (34)

This shows that the optimal G-STBC codeword is chosen from j-th G-STBC codeword set
S;V to minimize BER, under the constraints of total transmit power Pr and transmission
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bit rate Rp. As a result, only a few bits, indicating the G-STBC codeword and associated
modulation type, are required to be fed back from the receiver to transmitter for choosing
the optimal G-STBC codeword.
The average BER P, can be calculated as follows:
1 Y
Pei) = ——< D" (RY (DRoy (D) Peg () =
n (ij) q=1

where P, () is the BER of the gth antenna group. By ignoring the error propagation effect
in OSIC detection, P, ,4(;j) can be approximated as a function of the post-detected signal-
to-interference-plus-noise ratio (SINR) y, depending on the adopted detection criterion and
transmission bit rate of the gth group R, 4:

Y

1

) Zl RY ()Peq(i),  (35)
q=

Peq(J) ~ 8y.R, (J/q ), Rb,q(j)) , (36)
with

1/ 01)2, q ) ZF criterion

ve(J) = [ (1 —&4(/)) /24(j) MMSE criterion Gn

2 -1 -1
where o2, (/) i= % el [HT (DHei ()] e andeg () =€l [ 3T, G)Hei () +1]
¢, are the output noise power and symbol MSE of the gth antenna zgroup at the ith iteration
of OSIC detection, where H, ; is defined in (13) and e, the /th unit standard vector in RELT,
From (36) and (37), it can be seen that the BER performance greatly depends on the detec-

tion metric. When the uncoded M-ary QAM modulation is used for all transmitted symbols,
according to [28], the BER of the gth antenna group can be tightly approximated as

. N2 1 | L5y,())
8y, Ry (Vq(])v Rb,q(])) ~ ) (1 - «/W) erfc( 2&‘1(/)—1)

2 _ 1 1.5
Rb,q ) (1 \/2R},,q(j) ) erfc( (ZRb‘q(j)—l)qu(j)) ZF

= (38)
2 1 15(1—¢4()))
oy ) (1 ka‘q(j)) erfc MMSE

(ZRb,q o 71)5,, )

where 280.4(/) = M and erfc(-) is the complementary error function.

Based on the results of mathematical analysis, the optimal G-STBC codeword selection
algorithm in the minimum BER sense under the constraints of total transmit power and
required SE is summarized as follows:

e Choose the number of total transmit antennas N, and give the total transmit power Pr
and required data rate R;,.

e Forafixed N, choose the codeword candidates according to Table 4 under the constraints
of total transmit power Pr and required data rate Rp.

e According to the channel characteristics, select the optimal G-STBC codeword based on
the minimum BER performance through the analysis results in (35-38).
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Table 4 Possible sets of codewords for mixed-mode system (G-STBC + SM)

N JN Possible sets of G-STBC code- Coding rates, RN* Max # iters, LNV*
words, SV

2 2 (L), (2) 2,1 2,1

3 3 (LLD), (2,1), (3) 3,2,05 3,2,1

4 5 (1,1,1,1), (1,1,2), (2,2), (1,3), (4) 4,3,2,15,0.5 4,3,2,4,1

5 6 (1,1,1,1,1), (1,1,1,2), (1,2,2), 5,4,3,2.5,1.5,1.5 5,4,3,6,4,4
(1,1,3), (1,4), (2,3)

6 9 (1,1,1,1,1,1), (1,1,1,1,2), (1,1,2,2), 6,5,4,35,3,2.5, 6,5,4,8,3,6,6,4,
(1,1,1,3), (2,2,2), (1,1,4), 2.5,15,1 2
(1,2,3), (2,4), (3,3)

7 11 (1,1,1,1,1,1,1), (1,1,1,1,1,2), 7,6,5,4.5,4,3.5, 7,6,5,10,8,8,8,
(1,1,1,2,2), (1,1,1,1,3), (1,2,2,2), 3.5,25,25,2,1 6,6,6,2
(1,1,1,4), (1,1,2,3), (1,2,4),
(2,2,3),(1,3,3), (3,4)

8 15 (1,1,1,1,1,1,1,1), (1,1,1,1,1,1,2), 8,7,6,5.5,5,4.5, 8,7,6,12,5, 10,
(1,1,1,1,2,2), (1,1,1,1,1,3), 4.5,4,35,3.5, 10,4, 8,8, 8,6, 6,
(1,1,2,2,2), (1,1,1,1,4), (1,1,1,2,3), 3,25,2,2,1 6,2

(2,2.2.2),(1,1,2,4), (1,2,2,3),
(1,1,3,3), (2,24), (1,3,4), (2,3.3),
“4.4)

*For complex-valued symbol constellations

7 Computer Simulations

Computer simulations are conducted to evaluate the performance of the proposed closed-loop
G-STBC in a packet data system. The fading channels between the transmitter and receiver
are assumed to be quasi-static, remaining constant over each packet of 100 symbol blocks and
independently varying between packets. Perfect channel information is assumed to be avail-
able at the receiver but not at the transmitter. In all simulations, unless otherwise mentioned,
QPSK modulation is used. Finally, all antenna groups are assumed to be of equal power and
SNR := Pr/o? is the average SNR regardless of the number of total transmit antennas and
number of antenna groups. Besides, the maximum number of iterations in OSIC detection is
defined as LV .

The first set of simulations evaluates the performance of the proposed OSIC detection
method (as described in Sect. 4) and compares it with the Naguib’s method [19] and Sta-
moulis’s method [20]. In this simulation, Q = 3, M = 3, and N = 6 with SN = 2,2,2)
(LN = 3) are assumed. Figure 4 plots the BER performances of the three detection methods
as a function of SNR. As shown in this figures, the Stamoulis’s method is less favorable since
it is a pure decoupling based algorithm and does not enjoy the increased receive diversity
gain, even with the power ordering strategy incorporated [25]. Similar result is also observed
for the Naguib’s one-step method. However, the Naguib’s two-step method provides con-
siderable performance improvement at low SNR, but exhibits performance degradation at
medium-to-high SNR. This is because that the detection accuracy in the second stage hinges
entirely on the reliability of all the initial signal estimates in the Naguib’s two-step method.
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Fig. 4 BER performances of 10° . .
different detection methods as a B p
function of SNR with M = 3 and . 84 &
Q=3 N=6and 10 é“-\--.g,
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Accordingly, each group’s symbol stream, detected via the PIC based mechanism, would be
subject to an essentially equal risk of error propagation resulting from incorrect decisions
in the initial stage. On the other hand, OSIC based methods enjoy an increase in receive
diversity gain, which helps limit the effect of possible decision error propagation [25]. The
results also show that, in most SNR regions, the proposed method can successfully suppress
the interference and achieve a large diversity gain through the SIC scheme. In the rest of
simulations, only the ZF based OSIC detection is considered for simplicity.

In the second set of simulations, the performance of several detection strategies, i.e., the
proposed antenna group-wise detection strategies (as described in Sect. 5.1, including the
average group-wise method and direct group-wise method) and the two-stage detection strat-
egy (as described in Sect. 5.2), respectively, are evaluated for N = 8, M = 3, Q = 3 and
SN = (2,2, 4). Also, the original group-wise OSIC detection method with optimal ordering
as described in Section 4.2 is included for comparison. Note that the number of iterations is
L = 3 for antenna group-wise detection and two-stage detection due to Q = 3. However, the
required number of iterations for the group-wise OSIC with optimal orderingis4 < L < 6
due to the possible existence of different code rates at each iteration (see Sect. 4.2). The
BER performance results are plotted in Fig. 5. It is observed that the two-stage and antenna
group-wise detection strategies exhibit a slight performance degradation compared with the
proposed method with the maximum number of iterations (about 1.5 dB for the two-stage
scheme and 0.5 ~ 1 dB for the antenna group-wise scheme at 10> BER performance) due
to the insufficient iterations and non-optimal detection ordering in OSIC based detection (as
described in Sect. 5.1 and 5.2). Also as expected, the performance of the average method
is superior to that of the direct group-wise method. It is noteworthy that the average BER
performance of group-wise ZF OSIC in Fig. 5 is significantly better than that in Fig. 4. This is
due to that the average BER performance of OSIC detection is dominated by the BER of the
first substream. In this simulation, the first substream with SY = (2, 2, 4) enjoys twice the
diversity gain of the first substream in Fig. 4, leading to a lower average BER. For simplicity,
in the following simulations, only the two-stage method incorporating the average antenna
group-wise scheme is considered for signal detection.

The third set of simulations investigates the performance of the proposed G-STBCs (as
described in Sect. 6.1) compared to various transmission schemes: conventional SM scheme
with ZF OSIC detection, O-STBC scheme with ML decoding, AOOB scheme, and ABBA
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Fig. 5 BER performance of 10° . . .
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scheme for N = M = 4. The O-STBC scheme with rate 1/2 which maintains the orthogonal
property is described in [13]. The AOOB scheme is a space-time code in which two symbols
are transmitted from antennas 1, 2 at the first block duration and then two different sym-
bols are transmitted from antenna 3,4 at the second block duration. The ABBA scheme [29]
divides four antennas into two groups, with each group encoded by O-STBC. As a result, the
ABBA and AOOB schemes can be regarded as variations of the proposed G-STBC for the
(2,2) configuration. In this simulation, the total spectral efficiency is constrained to n = 4
(bits/sec/Hz). As aresult, BPSK, 256-QAM, 16-QAM, 16QAM modulations are adopted for
the conventional SM, O-STBC, AOOB, and ABBA, respectively. On the other hand, for the
proposed G-STBC, S N = (2,2) (Q = 2) with QPSK is considered. The BER performances
of those transmission techniques as a function of SNR are plotted in Fig. 6. It can be seen
that the conventional STBC technique has a performance limit due to the usage of high
order QAM modulation. The conventional SM technique exhibits poor BER performance
especially in the medium-to-high SNR regions due to fewer degrees-of-freedom for inter-
ference suppression and poorer diversity advantages (no TD gain). The proposed rate-two
G-STBC scheme achieves the same transmit diversity order of two as that of AOOB scheme,
but exhibits better performance at all SNR cases. In addition, it is seen that the ABBA scheme
outperforms the half-rate O-STBC for all SNR regions; this is achieved at the cost of a higher
decoding complexity. However, the ABBA scheme exhibits some performance degradation
compared to the proposed (2,2) G-STBC (rate-two) at the medium SNR region. This shows
that the proposed G-STBC provides better trade-off between diversity and code rate com-
pared to the fixed rate one non-orthogonal codes. The results also show the flexibility of
the proposed technique in selecting the G-STBC codeword and modulation type to achieve
better performance.

Finally, the performance of the proposed G-STBC codewords for a fixed N is exam-
ined. In this simulation, the BER obtained by the mathematical analysis in (35-38) is also
included. In the first experiment, N = 6 and M = 3 are considered. As a result, according to
Table 4, there are three possible G-STBC codewords (or antenna configuration sets), which
are: SV = (3,3) (0 =2), S =(2,4) (0 =2),and S} = (2,2,2) (Q = 3) with the cor-
responding code rates being RY = 1, 1.5 and 3, respectively. Assume that the total spectral
efficiency is constrained to be n = 6 (bits/sec/Hz). To meet this spectral efficiency con-
straint, 64-QAM, 16-QAM, and QPSK modulations are respectively adopted for the above
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Fig. 6 BER performance of 10°
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three G-STBC codewords. As observed in Fig. 7a, the curves of mathematical analysis for all
codeword cases are nearly the same as those of simulation results. Figure 7a also shows that,
Sév = (2, 4) achieves the best BER performance at medial-to-high SNRs. However, for lower
SNR, SN = (2, 2, 2) may be the best candidate. In the second experiment, N = 8and M = 4
are assumed and the results are plotted in Fig. 7b. n = 4 (bits/sec/Hz) is assumed in this
scenario. From Table 4 and under the total spectral efficiency constraint, the following three
G-STBC codewords are adopted for comparison: S{V =44 (Q =2), Sév = (2,3,3)
(Q = 3), and Sév = (2,2,2,2) (Q = 4), with the respective modulation types being
16-QAM, QPSK, and BPSK, respectively. Again, the mathematical analysis is consistent
with the simulation result. For a large L, however, a slight difference between the analysis
and simulation results occurs. This may be due to the approximation in (38) and the assump-
tion of ignoring the error propagation effects in the OSIC detection algorithm for the analytic
derivation. Based on the observations, the best G-STBC codeword can thus be selected in
accordance with the analytic BER performance as follows: Sév =(2,2,2,2) for low SNRs
(<2 dB), va = (2, 3, 3) for moderate SNRs (2 ~ 14 dB) and Sé\' = (4, 4) for high SNRs
(>14 dB). Based on the analytical BER, the best G-STBC codeword can be chosen for
different SNR values.

8 Conclusion

In this paper, an efficient closed-loop MIMO transceiver with limited feedback overhead is
proposed for the downlink over Rayleigh flat-fading channels. In the transmitter, a grouped
STBC with an arbitrary number of transmit antennas is presented for achieving a high link
quality and high spectral efficiency. In particular, the transmit antennas are partitioned into
several groups with each being individually encoded by the orthogonal STBC. The proposed
encoding strategy reduces the number of receive antennas required at the user terminal,
meeting the practical consideration in implementation cost and physical size. At the receiver,
based on the distinctive structures of the matched-filtered channel matrix, it is shown that
an appealing antenna group-wise OSIC detection property, by which a block of symbols
associated with an antenna group can be jointly detected per iteration, is allowed for real-
valued symbols. This detection strategy, however, cannot be realized for complex-valued
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Fig. 7 BER performance of (a)
different G-STBC codewords as 10°
a function of SNR. (a) N = 6 and
M=3;(b)N=8and M =4 8
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symbols. To tackle this problem, an average antenna group-wise detection approach and a
two-stage scheme are then proposed to reduce the detection complexity with the expense of
a small performance drop. Moreover, to further alleviate the detection computational load, a
recursion based implementation of the developed antenna group-wise OSIC detector is pre-
sented by using the algebraic properties of orthogonal codes. Next, based on the group-wise
OSIC detection property, allowable G-STBC codewords of grouped STBCs regardless of the
number of transmit antennas can be determined. The G-STBC codeword properties are also
discussed and a simple selection criterion for choosing the optimal G-STBC codeword is
designed based on the minimum BER criterion under the constraints of total transmit power
and data throughput. Finally, simulation results show that the proposed G-STBC coding
technique can flexibly and judiciously select the G-STBC codewords and associated modu-
lation types to achieve a good trade-off between the spatial multiplexing and transmit diversity
techniques.
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Appendix
A Proof of Lemma 3.1

Part (p1) of Lemma 3.1 has been shown in [24]. It only remains to prove Parts (p2—p3).

Proof of (p2) From (9), it can be seen that the effective signal component (prior to matched
filtering) of the gth antenna group is H A Accordingly, the MFCM coupling s1gnature
between the pth and gth antenna groups is ATH H Aq, whose (i, j)th entry, i, j =
1,..., Ly, is directly computed as

K
H
6D =3 (a9) AT, OV gHH 2®
=3 (ay ) H!H,a 2 Re’(pi) Hquaq’j]

k=1

e ffnes]

- Re[thm [Zaac) ( <k>) }h,,,m]
= Re{Zh;{mAp,,»A;{th,m], (39)
m=1

where hg is the mth row of H . Equation 39 gives an important observation that the (i, j)th
element of F), , fully descnblng the structure of F, ;, is completely characterized by A, ;
and A, ;, or simply A pJA 0. . As aresult, to see the particular structure of F, ,, we need to

first compute A,,,,-AZJ.. For N, = Ny = 2, and according to [13], we have

1000 0-100
AP~‘=A%1=[0100] AP72=A‘1’2=[1 0 00]

0010 000 -1
AP*3=A473=[0001}’ A1’3“=A‘1’4=[001 0}

From (39) and (40) and using the property of O-STBC, it can be easily checked that the
(i, j)th entry of F), ;, will be zero except for the following entries:

(40)

(1 b f(2,2) f(l )2) _ f(2 D

, X
3 4,4 3 4,3
f(l 1) f(3 3)’ f(z 2) — _14354[1 )’ @
f( ) fzgq )’ f( ) _ fp(q )
Likewise, fori, j = 1, ..., 4, we can also obtain qu;j) = a4 and f( /) — 0 whenever i *]J.
Based on the above results, Part (p2) is asserted. a

Proof of (p3) For N, = Ny, = 3 and N, = N, = 4, the assertions have been proved in
[24]. The cases remaining to be proved are those ones for (a) N, = 2,3 < N, < 4 and (b)
N, =3, N; = 4. Now, we first consider case (a). In particular, for N, = 4, we have

0-100 00-10
10 00 00 0 —1

Agr=luA2=14,0 o 1| A3=|190 o |
00 —10 010 0
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000-1
0010
Aa=10_10 0
1000
(42)
To efficiently prove it, let’s define an intermediate intermediary matrix:
Apg = A Al € CVrErNake, (43)

where
T T
Ap = I:A;l .. .A;’LP] c CNprXK’ Aq = [Aqu .. 'A;,Lq] € CNquXK. (44)

It is noticed that the (i, j)th N, x N, block submatrix of Ap,q, fori =1,...,L, and
J=1,...,Lg,is A,,,,'Af{j. In particular, for case (a), A, ; and Ay j, fori, j =1,...,4,1is
given in (40) and (42), respectively. It can be shown, after some manipulations, that

Ap1 —Aps Aps —Apy
Ap,2 Ap,l Ap,4 Ap’3
Aps —Aps —Ap 1 —Apn
Apa —Ap3 —Ap2 Ap

Ay, = (45)

Observing from (45), with A, ; regarded as a particular variable, we can find that the matrix
A p,q belongs to a (super) orthogonal design. With above discussions, we can conclude that
the resultant structure of A p,q can be completely and directly observed from that of F, ,.
This means that in order to examine the structure of F, ; we only need to check the structure
of A P.q-

ForN, =3,A,j,j =1,..., L, canbe easily obtained as that shown in (42) by deleting
the last row of it. Also, it can be shown that A p,q has exactly the same structure as that
given by (45). Similarly, for i, j = 1, ..., 4, we can also obtain fq(f’qi) = oy and fq(f’qj) =0
whenever i # j. Based on the above results, case (a) of Part (p3) is proved.

For case (b) of Part (p3), the results can be shown by identifying the matrix A p.q and
following the same procedures described in (42-45), in which A p.q can be computed as
follows:

Ap1 —Ap2 —A,3 —Apy
Apo Ap1 Aps —Ap3
P Ap,3 _Ap,4 Ap,l Ap,2

Aps Aps —Apn Ay

>
|

(46)

B Proof of Lemma 4.1

Parts (p1) and (p4) of Lemma 4.1 have been shown in [24]. It only needs to prove Parts
(p2-p3).

Proof of (p2) Noticed that for real-valued constellations, the distinct structure of F), ; is

completely and directly determined by that of A p,q- However, in complex-valued constella-
tions, the resultant structure of A, , cannot directly and previously determine that of F), ;.
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To effectively examine the structure of F), 4, let’s define the following four basic matrices:

) [T o) A e

Also defining A := [AT - .. AI]T, we obtain the fact:

Al —Ay Ay Ay
Ay A1 Aq —Ajz
Ay Ay A —Ay |
Ay — Az Ay Ay

For K =8,and N, = N, = 2, k = [, we have
el ® Ai if kisodd
A =
e e?(k/z)] ® A, ifkiseven

AAT = (48)

Ay =

- -
J €l ® A; if k is odd

Apk=Aq1=1 . ;(k 8)/21 o f—o 16 o
J - €—g) ® A4 ifkiseven

where e; is the ith unit standard vector in R*. Based on (49) and using the fact (48) and the
following properties:

A®B" =A"@B", (A®B)(C®D)=(AC®BD), (50)

it can be checked with (39) that each 2 x 2 block diagonal matrix of F g’};) eR¥B 5 1r=1,2,

belongs to an orthogonal design. Also, it can be observed that Fg,’ql) = F;,%;Iz) and F;]y’qz) =
2,1)

-Fpy . o

Proof of (p3) Similarly, to identify the structure of F, ,, let’s define the following augmented
matrices:

Bii=A1®A, B=A430A4, B=4HA, Bi=A440, (61

where A;,i =1,...,4, are defined in (47). For N, € {3, 4}, A4/, can be determined as the
direct augmentation of two B; matrices, that is [13]

At =[NV Byoaqay (DN Brpaa s ], 1=1,....8, (52)

where mod(x, y) denotes the remainder after y dividing x, and By := B4. Based on (49)
and (52), A PJAZ jca be calculated and then substitute it into (39). Gathering each piece of

p(l;’qj) and putting them altogether to determine F, ;, it can be shown that F, , indeed has
the desired properties. d

C Proof of Theorem 4.1

To prove Theorem 4.1, some preliminary operation results of orthogonal matrix are
examined. Let K € {2, 4, 8}, it can be directly checked by analytic computations that, if
both Q; and Q3 lie in O(K), then so are Q + Q> and Qy - Q>. The result can be precisely
described as follows:
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When the set O(K) is closed under addition and multiplication for any Q; € O(K), it is
easy to observed that Q + QlT = yIk for some y.

We will prove Theorem 4.1 by induction. When G; = 1, the result is obvious since
F; = «; 11y, with M| € {2, 4, 8}. Assume that the result is true for an arbitrary G; > 1,
ie, F; € ffjl. (G, D;) implies Fl._1 IS .7:"/,. (G;) for such a G;. It is required to check that
F'| € F},_,(G; + 1) (since G; + 1 = G,;_), whenever F;_| € F,_(G; + 1, Di_y). Let
us partition an arbitrary F;_; € .7:'][.71 (Gi+1,D;_1) as

L e— A B Ji—1xJiz1
Fiy e [BT D} R , (53)

where A € RY*/i B e R/LTiiGi+02 and D e REZ-1G+n2 X Lizi@+v2 g
is noteworthy that since F;_;| € .73],._1(G,~ +1,D;_1), (a) A € ]:"J,. (Gi, D;) and hence

- T
Al € Fy;(G;) by assumption (b) if we write B := [BIT...B(T;I,] , where B; €

REZ 02 XEIT G021 ] — 1, . G,;, whose matrix structure has been established in
Lemma 4.1 (or Table 4) (¢) D = CILrI,-,, G +1y/21" Also, F; ! can be similarly written as
A B . .
-1 ._ JisixJi_
Fi = |:BT ]‘):| € RYi-1% L (54)

where A € R >/i | B € RI*EZio1Gi+02 and D e REZi-1Gi+0/21XBIZ_1Gi+021 T show
that F,!, € F,_ (G; + 1), it suffices to check that (i) A € FJ,(G;) (i) Define B :=

_ AT _
[BlT . Bgi] , where B, € REZO2>LIT1Givv/2 1 — 1, Gy, each 4 x 4 block off-

diagonal submatrix of B, belongs to O(4) or is a zero matrix Qg4 (iii) D= dIL(I,-

_1G+D/21"
Properties (i—iii) can be shown based on the inversion formula for block matrices: 1
A D . —1p7\~! (A —1p7\"! -1
Fl,l _ [_AT I_;] _ (A—BD B,l) (A —BD'BT) 7I1$D (55
B' D —(D-BTA'B)” B’TA"!  (D-BTA!B)
Proof of (i) From (55), A = (A —BD~'B”)™" = (A —1BB”) ", Since A € 7,(Gi,

D;), to prove AeF 7;(G;), it suffices to check the structure of BB .In particular, BB can
be expressed as follows:

B, BiBf --- BiB(
BB =| ¢ |[BlBL]=| o o | (56)
Bg, BGiBlT T BG:’B(T;,-
where BkBIT, k,l,= 1,...,G;, has the following structures. (a) If Nz, ()/2]
= N[z,_,(G;+1)/2]1 = 2, then according to (p2) of Lemma 4.1 B; € O(8,2) or B; = Og.
Therefore, B[BIT = C]Ig or B[BIT = 08~ (b) If N[I,- /21 = 3or4, N!'L;l(GH-l)/Z'\ = 2, then
according to (p3) of Lemma 4.1 each 4 x 4 submatrix of B; € R**® belongs to an orthogonal
design. It can be easily checked that BIB[T = c/ly. (©) If Nrz;0)/21 = 2, Nz, (G;+1)/21 = 3
or 4, then according to (p3) of lemma 4.1 each 4 x 4 submatrix of B; € R¥** belongs to an
orthogonal design. It can be verified that

r_ | ala —cly
BB/ = [—czh ol } (57)
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(d) If Niz;4)/21 = Niz,_1(Gi+1)/21 = 3 or 4, then according to (p4) of Lemma 4.1 B; € O(4)
or B; = Oy, BZBIT = ¢ly or BZBIT = Qy4. Based on the results (a—d), it can be observed
that the diagonal entries of BlBlT are the same. (e) To check the structure of BkBlT, whenever
k # 1, it should be firstly identified the families of By ’s and B;’s according to Lemma 4.1, and
then compute BkB,T. Using the same procedures as done in (a—d) above, it can be observed
that each 4 x 4 block submatrix of BkBIT belongs to an orthogonal design, or is a scaled
identity matrix or zero matrix. Based on above results, BB” F 7, (G}, D)), where G} = G;
and D; < D! < G;. This leads to (A — %BBT) € F;,(G}, D}) since A C BB As aresult,
it can be obtained A = (A — %BBT)_1 eF 7;(G}) by assumption. This proves property (i).

O

Proof of (ii) From (55), B=—-ABD ! = %AB, and it suffices to check the structure of AB.
From the proof of (i), it can be observed that each 4 x 4 block submatrix of A or B belongs
to an orthogonal design or is a zero matrix. By using the results of Lemma 4.1 and operation
results of the orthogonal matrix, it can be verified that each 4 x 4 block submatrix of AB will

also belong to an orthogonal design or be a zero matrix, which follows property (ii). O

Proof of (iii) Since D = (D — BTA_lB)71 and D = CIL[Z-_I(G--H)/ZP to prove property
(iil), it suffices to check that BTA~!B is a scalar multiple of ILFIH G+ Eventually, for
k,l =1,...,G;, denote Uy be the (k, )th L[z,_, k)21 X Liz;_,1)/2] block submatrix of

T
A~!. Since B = [BIT . ~B(T;l_] , it is easy to check that

G;
B'A™'B= > B{UuB
k,l=1

L Gi
=> B{UuBi+ > B[U.B. (58)
k=1 kI=1,k#l

SinceA~! € j:;ji (G),Ug ko = nkIL[I»_l(k)/ﬂ for some scalar 1. By using the operation results
of orthogonal matrix, the first summation on the right-hand-side of the second equality in
(58) can be reformulated as

G,‘ Gi
> B{UiiBi = > BBy
k=1 k=1

_ [ @iz gonm i Nizwse)s Nizioi G+ = 2, 59)
arly it Nrz;oo/21 = 2, Nizi_y(Gi+1)/21 € 3,41
On the other hand, since k, [l =1, ..., G;, each 4 x 4 block submatrix of Uy ; or By belongs

to an orthogonal design or is a zero matrix by assumption, then each 4 x 4 block submatrix
of B,{Uk, /B, also belongs to an orthogonal design or is a zero matrix. Therefore, by using
the operation results of orthogonal matrix, it follows that:

BZUk,le + BlTUl,kBk

- [MkIL(Ii—l(Gi-%—l)/ﬂ i Nizi0/215 NIz G412 = 2, 60)

Sela if Nrziy/21 = 2, Nizi_1(Gi+1)/21 € (3,4}
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From (60), it can be verified that

L
S BIULB = [ BlLiz, v ENIT w7215 Nizioy(Gi+1)/21 = 2, ©1)
Ry bily if Niziw/21 = 2, Nizi_yGi+n/21 € 3,4}
Theorem 4.1 thus asserts. d
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