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1. Introduction

Current wireless services and applications, such as third-generation (3G) cellular systems
and Wi-Fi networks, offer capabilities far beyond what was previously available. With data
rates on the order of 100kbit/s for mobile cellular users and up to 54Mbit/s on fixed
WLANS, these systems provide attractive services such as internet access and video
telephony.

In the near- and medium-term, however, it is expected that the capabilities of wireless
networks will grow exponentially. The future of wireless applications and services will
require high spectral efficiency, data rates on the order of 1Gbit/s, WLAN and WMAN
integration and seamless connectivity, for devices ranging from a cell phone to a full-
fledged desktop computer. Examples of services that will be available to users are
Multimedia Messaging Service (MMS), HDTV-quality digital video, mobile TV, and Quality
of Service guarantees.

The fulfillment of these promises hinges on several key telecommunications technologies.
OFDM and related modulation techniques promise high spectral efficiency on wideband
channels. For example, adaptive radio interfaces and cognitive radio will allow efficient
spectrum use and smooth handoff between disparate networks. Software-defined radio and
advanced circuit design techniques are needed to support all required functionality while
meeting size, weight and power consumption requirements. All of these areas present heavy
research activity.

Another key technology is known as multiple-input, multiple-output (MIMO) systems.
These communications systems use multiple antennas at the transmitter and receiver, and
have powerful capabilities in two respects: they can improve link reliability, and/or they
can increase the data rate, without requiring extra power or bandwidth. Compared to more
conventional systems, with only one antenna at the transmitter end (single-input multiple-
output, SIMO), at the receiver end (multiple-input single-output, MISO), or at both ends
(single-input single-output, SISO), MIMO systems offer additional (spatial) degrees of
freedom (Tse & Viswanath, 2005), (Biglieri et al., 2007). While information-theoretic capacity
analyses support the potential gains (and illustrate the limitations) offered by MIMO
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systems (Telatar, 1999), (Foschini & Gans, 1998), practical coding strategies that take
advantage of them must be devised.

Fig. 1. MIMO system transmit chain.

Assuming a narrowband channel and adequate antenna separation, MIMO systems allow
signal coding over time (that is, over multiple symbol periods) and over space (using all the
available antennas). A space-time code is a mapping from modulated symbols to 7 spatial
data streams, each of which is transmitted by a different antenna. This process is illustrated
in Figure 1. A data stream b is interleaved and coded with a conventional FEC coder. The
interleaved/coded stream c¢ is modulated, and the resulting stream x is space-time coded.
The space-time encoder takes R;T symbols from x at a time, and (linearly) maps it to space-
time code matrix X. Each column of X is transmitted during a symbol period. If the
transmitter has any channel-state information (CSI), then a beamformer may be used to
allocate power in an optimal way among the transmitter antennas. We will assume no
transmitter CSI, so that beamformer matrix W is equal to the identity matrix. Matrix X has
dimensions 1T, so that it takes T symbol periods to transmit R,T symbols and the code rate
is R,. The set of all possible code matrices is the space-time code, and the design problem
consists in finding a set that meets given performance criteria.

Assuming that the channel presents quasi-static Rayleigh fading (the channel remains
constant during T symbol periods), and assuming there are 7, receiver antennas, then the
channel may be modeled as a matrix H of dimensions n,%n;, where each element /;; is a
complex Gaussian random variable with 0 mean and variance 1, and represents the channel
coefficient from transmitter antenna j to receiver antenna i. Assuming perfect CSI at the
receiver, the received matrix Y may be written as

Y =HX +Z, 1)

where matrix Z corresponds to additive Gaussian white noise. Its entries are complex
Gaussian random variables with 0 mean and variance Nj. If Es is the signal energy
transmitted for each antenna during each symbol period, then the signal-to-noise ratio
(SNR) at the receiver is defined as

SNR ="iEs. ?)

0

Under these conditions, we may identify three important code performance measures that
characterize a given space-time code.
Multiplexing gain. Channel capacity C, or the achievable data rate assuming optimum

coding and decoding, scales with min(nT ,n R) :
C(n,,n,,SNR) ~ min(n,,n,)log(SNR). ®)
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This means that increasing the number of antennas at either side allows an increase in data
rate without increasing error probability. This may be interpreted as the separation of
channel H into a number of parallel, independent channels that do not interfere with each
other. Equation (3) suggests that this separation is possible at the receiver side, so that, for a

fixed error probability, the data rate may be increased by up to min(#n,,#,) bps/Hz for

each 3dB increase in SNR. The increase in data rate afforded by a particular code is known
as its multiplexing gain.

Diversity gain. Assuming code matrix C is transmitted, an upper bound on the probability
that the receiver instead decides in favor of code matrix D has the form

K J “)

where r, K and ] are real numbers that depend on the particular properties of the space-time
code. In particular, r and K depend on the code matrices, while J depends on Es and Ny. The
number rng is known as the diversity gain of the code, since it is the asymptotic negative
slope of the error probability, in a log-log scale, as a function of SNR. The maximum
achievable diversity gain is ngnr. This means that for a 3dB increase in SNR, the error

o1 —Hnph
probability decreases by 2~ "*""
Coding gain. In Equation (4), the number K is known as the coding gain. It is independent
of SNR, so it has no effect on the slope of the error probability. However, it is important to
make it as large as possible to improve code performance.

Fig. 2. Coding gain and diversity gain.

Coding and diversity gains are illustrated in Figure (2). Consider three space-time codes, A,
B, and C, with error performance as shown in Figure (2). Code B has a diversity gain over
Code A; this can be seen as an improvement on the slope of its error probability as SNR
increases. On the other hand, Codes B and C provide the same diversity; however, code C
has a coding gain advantage over Code B.

It is not possible to maximize all gains at the same time (Zheng & Tse, 2003). In particular,
there is a trade-off that must be made between multiplexing and diversity gains. If a space-
time code has multiplexing gain R, then the maximum diversity gain it may achieve is given

by
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d(R) = (ng = R)(n; — R). ®)

There has been a large research effort to design space-time codes that achieve the gains
promised by information theory. In the rest of this chapter, we summarize some of these
efforts, focusing on so-called hybrid codes.

2. Design of space-time codes

2.1 Early developments

Two of the first space-time codes are V-BLAST (Golden et al., 1999) and the Alamouti
Scheme (Alamouti, 1998). V-BLAST is a purely spatial multiplexing code; the space-time
coder is simply a serial-to-parallel converter. It maximizes data rate while offering relatively
poor link reliability. In contrast, the Alamouti Scheme is a pure diversity scheme; its data
rate is the same as a SISO system but it offers maximum diversity gain. While V-BLAST’s
receiver is more complex, both are practical in the sense that receiver design and
implementation is feasible.

Space-time trellis codes (STTCs) were proposed shortly afterwards; however, most research
has focused on space-time block codes (STBCs), first introduced in (Tarokh et al., 1999). The
idea is to extend the Alamouti scheme to systems with larger numbers of antennas (and to
systems where nr # ng); maximum likelihood (ML) decoding is feasible because the code
matrices have a particular, orthogonal structure. It was soon found, however, that this
approach is incapable of producing high-rate, high-diversity codes see (Gesbert et al., 2003)
and (Paulraj et al., 2004) for good overviews of the development of space-time codes).
Broadly speaking, it could be said that from this point, research into code design followed
two different routes, one based on algebraic construction of optimal codes, and the other
based on a more practical search for possibly sub-optimal, but still useful codes.

2.2 Algebraic design of space-time codes

Algebraic methods have been used to design codes since the very earliest stages of the
development of information theory. It is small surprise, then, that these methods have been
extended to the design of space-time codes. In particular, cyclic division algebras are very
useful to derive families of space-time codes with full diversity and high rate. In particular,
the design objective is to find codes that achieve the diversity-multiplexing tradeoff and
have maximum data rate. The constellation shape (a lattice) is included in code design, and
decoding is reformulated as lattice decoding (Oggier et al., 2007). One of the main results of
this work has been the definition of Perfect space-time codes; these codes are the best
possible square block codes, and satisfy these criteria: full diversity, maximum coding gain,
optimum diversity-multiplexing trade-off, optimum constellation shape, and uniform
average energy emitted per antenna. In a very important result (Berhuy & Oggier, 2009), it
was shown that Perfect codes exist only for MIMO systems with six or less antennas.

2.3 A simplified approach

In contrast with the theoretical, rigorous development of algebraic codes, hybrid codes are
developed in a more ad hoc manner. The objective is the design of codes offering a good
tradeoff between multiplexing and diversity gains; however, the design consists of a
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straightforward mixture of pure diversity and pure multiplexing codes. A hybrid space-time
encoder distributes the modulated data symbols among a spatial-multiplexing encoder and
possibly several full-diversity encoders, as shown in Figure 3.

Fig. 3. A general hybrid space-time encoder.

In this general scheme, different space-time codes are simply stacked together and
transmitted simultaneously. Conceptually, the transmitted data is divided into several
layers; one spatial layer for each V-BLAST antenna, and N4 coded layers, one for each
diversity encoder. Hybrid code design consists mainly in the selection of number of transmit
and receive antennas, and in choosing appropriate encoders. In order for a hybrid code to be
practical, a decoding algorithm must be devised that is able to take advantage of the hybrid
code properties and that has low complexity. Hybrid codes are explored in more detail in
the following section.

3. Hybrid Space-Time Codes

A large variety of hybrid space-time codes have been proposed in recent years. They differ
mainly in the selection of coding layers and in decoding strategies. In this section, we
identify and categorize some of the main results in hybrid code design.

3.1 Quasi-Orthogonal Space-Time Codes

Space-time codes designed from orthogonal matrices can be linearly decoded in a very
simple way. However, as mentioned before, full-diversity, full-rate orthogonal codes don’t
exist for more than two transmit antennas. Quasi-orthogonal codes (Jafarkhani, 2001),
(Tirkkonen et al., 2000) use almost-orthogonal matrices to achieve full rate, while providing
only partial diversity. As an example, ABBA codes have code matrices of the form

A B )
B Al ©
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where matrix blocks A and B are 2x2 Alamouti matrices and each one transmits a different
pair of symbols. A generalization of ABBA to any number of antennas is presented in (Dai et
al., 2007).

In quasi-orthogonal codes, some transmitted symbols interfering each other (in contrast, in
pure spatial multiplexing schemes such as V-BLAST, all symbols interfere with each other).
The decoding algorithm consists in a combination of ML decoding where there is no
interference, combined with interference suppression (possibly iterative) where needed.
Joint (ML) detection of all symbols simultaneously is also possible, but has increased
complexity.

3.2 Double Space-Time Transmit Diversity

This scheme, known as DSTTD, uses two coded layers, where each layer is simply an
Alamouti encoder. It is a variant of ABBA codes, where only the first column of the ABBA
matrix is used, resulting in an increased data rate at the cost of less diversity. A
generalization to 2Nx2N antennas, along with an efficient detector algorithm, was proposed
in (Arar & Yongacoglu, 2006). In (Kwak et al., 2005) a theoretical analysis of DSTTD proved
that, for a range of multiplexing gains, DSTTD offers a multiplexing-diversity tradeoff that
is superior to both V-BLAST and quasi-orthogonal codes. Since DSTTD may be seen as a
special case of quasi-orthogonal codes, the same decoding strategies are applicable.

3.3 Hybrid Codes with Multi-User Interference Suppression

A different decoding strategy is proposed in (Freitas et al., 2006). A number of different
combinations of space-time encoders are proposed. In the receiver, each hybrid code layer is
considered to be a different user in a multi-user system. Traditional multi-user access
techniques are used to separate the symbols from each layer. In particular, the decoding
process is divided in two steps, one for interference cancellation, and another for space-time
decoding. In the interference cancellation step, a MIMO-MMSE spatial filter is used to
eliminate the interference from undesired blocks. This filter is a traditional adaptive filter
that is calculated minimizing a cost function. This technique is interesting since it leverages
the large body of knowledge concerned with multi-user environments. As the number of
layers increases, though, the interference is harder to eliminate; simulation results suggest
that this scheme does not effectively extract diversity from the code and works best in high-
SNR scenarios.

3.4 STBC-VBLAST

In (Mao & Motani, 2005) another decoding algorithm is proposed. In a sense, the V-BLAST
iterative, successive interference cancellation (SIC) algorithm is extended to hybrid codes. It
is shown that it is advantageous to decode the diversity layers first; each layer is decoded
and then its interference is suppressed from the rest of the layers. This results in an increase
in diversity, at the cost of some spectral efficiency. A similar detection technique is known as
QR-Group Receiver (Zhao & Dubey, 2005). This scheme uses any number of stacked
Alamouti encoders, and uses spatial filtering and successive interference cancellation to
eliminate inter-block interference. It achieves a performance in between that of V-BLAST
and Alamouti codes.
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3.5 Linear Dispersion Codes

Linear dispersion codes (LDCs) (Hassibi & Hochwald, 2002) are an extremely flexible
framework for designing space-time codes with arbitrary number of antennas. The time-
and space-spreading of each transmitted symbol is specified in a dispersion matrix; this
method of specifying the space-time code is so powerful that it describes a large collection of
codes, from V-BLAST to perfect codes. The main disadvantage of this technique is that it is
not always clear how to specify the dispersion matrices; in general, only unproven heuristics
are provided.

An important property of LDCs is that they may be transformed into purely spatial codes,
which means they may be decoded using a variety of algorithms, such as ordered SIC or ML
decoding. It was recently shown (Longoria, 2007) that many hybrid space-time codes may
be transformed into LDCs and subsequently into spatial codes. This result generalizes all the
different decoding algorithms presented in this section. In the following section, two hybrid
codes that build on this result are presented in detail.

4. Two Hybrid Space-Time Code Architectures

In this section, we present in some detail two hybrid space-time codes. Significant features
of these codes are:

e  Both mix spatial layers and diversity layers, allowing any number of each.

e The number of receiver antennas is also flexible, with just a minimum number
specified.

e One of the codes uses Alamouti space-time encoders, while the other uses ABBA
codes with either 3 or 4 transmitter antennas each.

e The receiver architecture is based on a code transformation to an LDC code, and
subsequently to a purely spatial code.

e Aswill be seen, transformation of a hybrid code to a spatial code entails an increase
in the size of the virtual channel matrix. We present a low-complexity decoder that
avoids this problem.

Simulation results are presented for both architectures, and it is shown that their
performance compares very favorably to the codes presented in section 3.

4.1 ZF-SQRD LDSTBC Scheme

This scheme is based on the hybrid architecture with an arrangement of Alamouti-STBC
modules and V-BLAST layers. We show how to transform the hybrid system equation as a
particular linear dispersion code. We denote by np and ns the number of Alamouti blocks
and number of V-BLAST antennas, respectively; at least ng = ns + np receive antennas are
required. We refer to this architecture as ZF-SQRD LDSTBC. We will show how to arrive at
a symbol by symbol (OSIC) decoder. This code meets the first constraint of the design
method established in (Hassibi & Hochwald, 2003).

We exploit the matrices' structure to obtain a low-complexity receiver algorithm based on
the sorted QR decomposition (Wubben et al., 2001). BER performance is further increased by
allocating the same energy to each transmitted symbol, in contrast to other recent proposals
where equal power is allocated to each antenna.
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A simplified block diagram of the ZF-SQRD LDSTBC system, based on the scheme
proposed in (Mao & Motani, 2005), is depicted in Figure 4. A single data stream is
demultiplexed into 7 spatial layers, and each of them is mapped to the constellation chosen.
The modulated stream feeds two different kinds of transmitters: ns V-BLAST layers and np
STBC encoders with n4 = 2 antennas each one; therefore, nr = ns + nang.

DATA
Tx

AmMOooomo

WO PrPrcoQ=E

Fig. 4. ZF-SQRD LDSTBC Transmitter/Receiver Architecture

It is assumed that nr = ns + np. In the transmission of one block, the symbol sequence
S1, 52, +++, Susym, Where nsym = na(ns + np) is transmitted. The mapping of symbols to antennas
is shown in Table I. The fraction of power allocated to the VBLAST layers is given by:

=2 %)

N ’
n,(ng +ny)

and the fraction allocated to the Alamouti encoder is given by

Py
P, = : ®)
n,ng
Spatial STBC Blocks
Antennas B=1,2,...,np
Time Antenna Antennal | Antenna 2
V=1,2,...,ns
t SV SknA+1 SknA+2
T+T * * *
Sy = Sk, +2 Sk +1

Table 1. ZF-SQRD-LDSTBC Symbol to Antenna Mapping with £ = B — 1 + n;
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This allocation results in all symbols being transmitted with the same power. Under the
assumption of perfect CSI at the receiver, the detection and decoding process of the
transmitted signal vector S, at the m? time block slice, where m = 1, 2 and n4 = 2, the receive
signal can be written as:

D¢ D
v g by, g n" n®
. . e spa
o= N , ©)
(1) ,(2) 4 M @)
yr/R ynR hnR,l ng,2 ng.np nnR nnR
or equivalently,
Y=HS+N. (10)

In equation (9) and the following, the sub indices indicate the receiver antenna, and the
super indices indicate the block emission time. Matrix ¥ € C"*** represents the symbols
received in a block. Matrix H is the channel matrix defined above. Matrix N e C"**?
represents the noise added to each received symbol. Matrix S is composed for two blocks:
The matrix Ssy, corresponds to the symbols transmitted by VBLAST layers and the matrix Sa

to the symbols transmitted by STBC encoders. The spatial multiplexing block Sgp, is defined
as:

55 ] s
* 1 L2
S B S5 -8 _ 8§57 8,
spa . - ’ (11)
* o L2
_S2n3—1 o S2n3 i _Sns SnS i

and the STBC block is defined as:

4 M4 a(2)4
Sl Sl Sl
S,=|: |=|: : , (12)
4 M4 «(2)4
S, S, S,

where each element of equation (4) is given by:

*

Skn, +1 _Slt +2
[SI(;)A SéZ)A]: ", ", , 1)

SknA+2 SknA +1
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with B =1,2,...,n, andk = B —1+ ng . In equations (11) and (12), the matrix on the left

is a direct mapping from Table 1; the notation of the matrix on the right, where antenna
number and symbol period are made explicit, is adopted to simplify the explanation of the
receiver algorithm. Reformulating the system equation (9) as a linear dispersion code
(Longoria et al., 2007), we have:

o L@ o | [ ]S M @ 0 <2>*]T
[yl yl ”.ynR ynR ] - Hspa HA LD + nl nl .“nnR nnR : (14)
Equation (14) can be expressed in compact form as:

Yip=HpSip +Npp, (15)

where Hip is composed of two blocks is named Linear Dispersion Matrix, one
corresponding to the V-BLAST layers and another to the STBC layers. The V-BLAST block
Hgy is given by:

spa spa | spa
Hl,l H1,2 H

1,ng
Hspa = 4 (16)

spa spa spa

an,l HnR,Z HnR,nS
where
spa i.J 0
HP = . 17)
0 -h,

for i=1,2,---,n, and j =1,2,---,ng . The STBC block Hj is itself a block matrix; it is
given by:

A 74 4
H1,1 H1,2 Hl,ns
H,=|": R , (18)
A A 4
HnR,l HnR,Z HnR,nS

where each element of equation (18) is given by:

4 k,nyB+ng—1 k,nyB+ng
Hk,B = . . , (19)
k,n B+ng k,nyB+ng—1
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for k =1,2,---,n, and B =1,2,---,n, . The matrix HI.S‘;.” links the j# spatial antenna
with the it" receiver antenna. Likewise, H kA 3 links the Bt» STBC block to the k' receiver

antenna. To complete the reformulation of system equation (9), it remains to rearrange
matrix S. We define Sip as:

st
D~ g (20)
LD
where
T
S0 =[50 5@ -5 5 @
and
T
Sh =[sot s0a 0] )

The reformulation of equation (9) as equation (14) transforms the hybrid code to a simpler,
equivalent purely spatial system with Nt = na(ns + np) transmit antennas and without
distinction between the STBC and VBLAST layers. This simpler system is shown in Figure 5.

L ¥ M
W — s .. B
o i ¥ 5 A ;
k E |5 9., - . &
g B : — L g pe
L ; - 0
A . : B
T ‘.",-J';i\"“'- ) E
o ""\.\_‘ M1 RF R
R N, ¥ CHAR

Fig. 5. ZF-SQRD LDSTBC Architecture Transmitter/Receiver as Linear Dispersion Code

4.2 ZF-SQRD LQOSTBC Scheme

The hybrid code called ZF-QR-SIC-LQOSTBC (Cortez et al., 2008) allows the use of any
number of V-BLAST antennas, and any number of ABBA encoders of 3 or 4 antennas each.
A block diagram of the ZF-SQRD LQOSTBC is shown in Figure 6.

Of the nr transmit antennas, ns are spatially multiplexed. There are ny ABBA encoders, of
na€{3,4} antennas each, so that nr = ns + ng - na. It is assumed that ng = ns + ng. We will

assume ny = 4; it is straightforward to extend the results to the case ns = 3. In the
ng+ng)

| is transmitted. The mapping of

transmission of one block, the symbol sequence {si }?:(
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symbols to antennas is shown in Table 2. Using this code, ns + nz symbols are transmitted

per channel use, for a code rate equal to

Tx
DATA

TOo-HPrrcoo=s

ng + Npg
hr
1 ¥
: e ol
CHA
n, ¥ D
=5 E -
_— i € |3
L1 ek | - H ] 0
noxm | ¥nn, : D
E
R
¥ M- +1 . [ BfF
Mal  asas 5 CHAI
oxm. L-_¥n
Fig. 6. ZF-SQRD LQOSTBC Architecture Transmitter/Receiver
ANTENNA Symbol Period
1 2 3 4
(VBLAST)
1 2 3 4
* *
2 Ss — 8¢ 87 — S
Mg Sk-3 Sp s Sk-1 — s,
(ABBA)
* *
ng +1 Skt — S0 Ske3 —Siiq
* *
ng +2 Sks2 Sie1 Sksa Sies
n A * A *
T kvdng | Spig, ktdng=2 | Spi4, 3

Table 2. ZF-SQRD LQOSTBC Symbol to Antenna Mapping with k = 4nS

(23)

Since the transmitter has no knowledge of the channel, all symbols must be transmitted with
equal energy. In the ABBA layers, each symbol’s transmission is spread across multiple time
intervals; in consequence, the signal constellations must be scaled accordingly. If E, is the
average energy of the signal constellation employed by each antenna in the VBLAST layers,
then the average constellation energy E, of the ABBA layers is given by E,=E, /n,. It should
be noted that the coding schemes referenced above use a single constellation, resulting in
unequal symbol energy and suboptimal BER performance.
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The system equation for ZF-SQRD LQOSTBC over four symbol periods may be written as
follows, where subindices indicate antenna number, and superindices indicate symbol
period within a block:

1 4 1 4
y()...yl() hl,l hl,Z.“hl,nT S nl()...nl()
. . . . . . . abba D .
= .o g + L , (24)
0] 4) 4 0 4)
ynR o 'y,,R g, hnR,Z RNy nnR cee l’lnR

or equivalently,

Y=HS+N. (25)

Matrix ¥ e C"*** represents the symbols received in a block. Matrix H is the channel

matrix defined above. Matrix N € C"*** represents the noise added to each received
symbol. Matrix S is composed of a spatial multiplexing block and np ABBA blocks. The
spatial multiplexing block S, is defined as:

* * 1) (4)
s -5, 8 -5, s s
Sopa = = : (26)
* * @) 4
Sang-3 ~ Sang2 Sang1 T Sang Sug " Sng

which corresponds to the VBLAST layer mapping in Table 2. The ABBA block is defined as:
Suna =[S 857 o5 | @

where every element of equation (27) is given by:

* * €8} (4)

Sker T Ske2 Skaz T Skag S130 813

* * (O] 4

gabba _ Sksz Skwr Skea Spaz || S22 S

B - * * - ) 4) ’ (28)

Skrz TSka Sk T Sk Sp1tt S

* * (O] 4)

| Sk+4 Sie3 Skaa S | LSS

with I =ns+ 4B, k=4(B -1+ ns)and B =1, 2,..., np. Rewriting the system equation (24) as a
linear dispersion code, we have:
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"
"
o
"
: = [H spa H, 150+ - , (29)
i m,
ol n
1 i
| o

expressed in compact form as:
Yip=HpSip+Nyp, (30)

where Hip is a linear dispersion matrix with two blocks, one corresponding to the V-BLAST
layers and another to the ABBA layers. The V-BLAST block Hg, is given by:

spa spa . spa
H 11 H 1,2 H Lng
H,, = , 31)
spa spa spa
HnR,l HnR,Z HnR,nS
where
h. 0 O

5J

*

0
0 -k, 0 0
spa _ ’
Yoo 0 A, O
0 0 0 —-h,

for i=1,2,-- *, N, and j= 1,2,-- *,Ng . The ABBA block Habba is itself a block matrix; it is
given by:
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abba abba abba
1,1 1,2

1,ng
Habba = : o 4 (33)
abba abba abba
HnR 1 ng,2 ng,ng
where every element of equation (33) is given by:
hi,l—3 hz,l—2 hi,/—l hz,/
* * * *
abba hi,l—2 - hi,1—3 hi,l - hi,l—l
H™ = , (34)
hz,l—l hz,l hi,l—3 hi,l—Z
* * * *
_hi,l hi,l—l hi,l—Z o h:,l—S_

for j=1,2,--,n,, k =1,2,--- ,n, and [ =ns+ 4B. The matrix /' of Hip that links the
jt spatial antenna with the i receiver antenna. Likewise, H l_"?f’“ links the k" ABBA block to

the i receiver antenna. To complete the reformulation of system equation (24), it remains to
rearrange matrix S. We define Sip as:

_ spa abba |7
S, =[S ] )
where

spa _ | () (2) (3) (4) O @ B @

Sip =S 817 87 S eS8, 8,008, 8, (36)

and the ABBA block for n4 = 4 is, then, given by:

abba _ | (1) (O] @ (6] o o o ol
Sip = Sugtl Sngr2 Sngr3 Sugra 77813 812 S 8 ] . (37)

We have rewritten the hybrid space-time matrices as linear dispersion code matrices. Now
we can substitute the original V-BLAST plus ABBA hybrid transceiver with a simpler,
purely spatial system with Nt = 4ns+nanp transmit antennas like is depicted in Figure 7 and
without distinction between the ABBA and VBLAST layers.

5. Receiver Architectures for Hybrid Space-Time Codes

Since schemes ZF-SQRD LSTBC and ZF-SQRD LQOSTBC are equivalent to a purely spatial
system with Nt transmit antennas, it is possible to propose a linear detector based on the
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sorted QR decomposition and OSIC, that takes advantage of the structure of the linear
dispersion matrices to achieve low complexity and high performance.

5.1 OSIC Detection for Hybrid Schemes Proposed
We first calculate HC Sorted QR (Hybrid Coding Sorted QR) of the matrix Hip=QipRip
where Q;p is a unitary matrix and Rip is an upper triangular matrix. By multiplying the

received signal equations (10) and (35) by QZ) , the modified received vector is:
o I ~
Yy =0pYp =RipSip + Ny, (38)

if vector Sip is transmitted. Note that the statistical properties of the noise term N,

remain unchanged. Due to the upper triangular structure of Ryp, the k element of ¥, is:

NT
Ve =TipSi + Zrk,isi +7, . (39)
i=k+1
Symbols are estimated in sequence, from lower stream to higher stream, using OSIC;
assuming that all previous decisions are correct; the interference can be perfectly cancelled
in each step except for the additive noise. The estimated symbol s, is given by:

Ny
Vi~ Zrk,iﬁi
s, = D i=k+1 , (40)
Ve k

where §, is the estimate of 5, and D[.] is a decision device that maps its argument to the

closest constellation point. Therefore the receiver requires calculating the QR decomposition
for the linear dispersion matrix Hp; the main challenge lies in finding the most efficient way
to obtain this decomposition.

We use the permutation vector order provided by HC Sorted QR algorithm to reorder the
received symbols; the QR decomposition is obtained using the modified Gram-Schmidt
(MGS) algorithm.

5.2 HC Sorted QR Decomposition

Matrix Hipis N, x n n, for both hybrid schemes. A direct application of MGS on it would
result in unacceptable complexity. However, taking advantage of the structure imposed on
Hip by the proposed code, we can decrease this complexity significantly. We now explain
how this simplification is obtained.

From the equations (15) and (30) we can see that the structure presented for the Hyp matrix
allows us to reduce the computational complexity that is required for to calculate the HC
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Sorted QR decomposition, since many of the elements of each matrix are equal, and their
locations in each matrix are fixed and can be calculated in advance. This method involves
obtaining the QR decomposition of the Hip matrix in two stages: first we obtain the QR
decomposition corresponding to the spatial layers of the hybrid system; in the second stage
we calculate the QR decomposition for the diversity layers.

As a first step, we calculate the QR decomposition H = Q,,R,; using the Sorted QR algorithm;
in this process, we also produce vector order which specifies the detection order of the
spatial layers. Then, using Q, and R, and non normalized columns of the matrix H, we
build the matrices H §¢ or H $* . The next step is analogous to MGS: column k + 1 is

normalized and used to fill column k+2 of each block (Alamouti/ABBA); the process is
repeated for the remaining columns for each block of H 4 or [ 4" . In the process, matrix

Rip is also calculated. A block diagram of the process is shown in the Figure 7.

HO- Sorted QR using MGS algorithm
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Fig. 7. HC Sorted QR Process Using MGS Algorithm

The structure of matrices Qrp and Rip, and their relation to Q,, and R,,, has been detailed in
(Cortez et al., 2007), (Kim et al., 2006), (Le et al., 2005). The complete process is presented in
two stages. In the first stage the algorithm 1 takes the channel matrix H and outputs the
intermediate matrices Q,, R, and vector order.
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