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ABSTRACT Though attractive in principle, such differential space-time

, , i i coding (DSTC) schemes suffer from a lower data rate [3],
Differential space-time coding (DSTC) has been well estab- [5] than coherent codes. For example, Alamouti's code will

lished as a precoding technique that allows maximum like- transmit roughly 1.7 times the amount of data astfie(F )

lihood detection of the received symbols without requiring differential code shown in [6] when using the same modu-
knowledge of channel state information. This type of detec- lation symbols. This suggests that training (or other meth-
tion is useful for highly time-varying channels where the re- ods of CSI acquisition) would need to occupy a significant
sulting cost of channel estimation is high. However, to date, amount of transmission time before the differential code
this approach has n_ot been develqped for the Commonly'Would achieve higher throughput than Alamouti’'s code.

used offset modulations that offer improved spectral per- - anoiher interesting point regarding these techniques is

formance in the presence of nonlinear transmit POWer 8M-y, .+ ot of them, differential or otherwise, have assumed

plifierg. This paper illustrates modifications to thg DSTC non-offset modulation as the underlying basis for code trans-
detection strategy for offset quadrature phase shift key'ng'mission. Many wireless systems, however, use offset mod-

Furthermore, itis shown that while traditional DSTC achieves,|qiiqn a5 jt provides improved performance in the presence
a reduc_ed transmission rate, the_ CPmb'”a“‘?” with offSet ¢ nonlinear components (such as power amplifiers). There-
modulation allows full rate transmission if desired. fore, examination of space-time codes with offset modula-
tion is an important topic.
1. INTRODUCTION In this paper, we examine the DSTC proposed in [3] in
the context of offset quadrature phase shift keying (OQPSK).
Space-time block codes, such as the code proposed by Alamthis modification necessitates development of new detec-
outi [1], have received considerable attention as practicaltion strategies to accommodate the complexities associated
and efficient communication strategies for multiple-input With offset modulation. We propose one such detection

multiple-output (MIMO) systems. While these approaches Strategy, and demonstrate that it performs nearly as well as
provide excellent performance in multipath fading environ- traditional DSTC detection for non-offset modulation. We

ments, they require estimation of the channel state informa-also show that use of DSTC with offset modulation allows

tion (CSI), a process that becomes impractical for rapidly transmission at the full rate enabled by the modulation con-

varying channels. New space-time codes have thereforestellation.

been developed that allow MIMO transmission over fading

channels and do not require receiver CSI for detection. For 2. DIFFERENTIAL SPACE-TIME CODING

example, [2] presents a scheme for creating large orthogo-

nal code matrices that enable block detection at the receiveDSTC has been presented in various forms in the litera-

without CSI. In [3] and [4] a differential approach to unitary ture. To adequately judge between different techniques it

block transmission is taken that allows for smaller, simpler is useful to first define quantitative metrics that are shared

code creation with the same absence of CSI at the receiverbetween most approaches. With differential codes, data bits
= o i b , by the UL S. Ammy R are mapped to elements in a graipvhich containg. ma-

searchlf)f\fl;?er ur:fiesrl:igg?\;ljti-uz’ivgrrsiltg gggear}(/:,h In(iatiati.ve (‘MUrIrR?I))/gr:nt trl_ces each with dimensioh/ equal t(? the number of trans-

#WI11NF-04-1-0224. mit antennas. We can therefore define e of the DSTC
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which quantifies the amount of transferred data per givenwhereH is the complex channel coefficient matrix aig,
amount of time. Further, the probability of incorrectly de- is additive white Gaussian noise (AWGN), both normalized
tecting a transmitted block is directly related to theersity such thatp is the signal-to-noise ratio (SNR) per receive

productof G given as antenna. When no CSl is available at the receiver, the max-
1 imum likelihood detector foiG,, based only on the two
(g == min |det(G, — Gy)|™, (2)  most recent blockX, andX,_1, is
2 o<i<l'<L
where any group witlfg > 0 is said to have full diversity. Gy, = arg glggl [IX—1G = X, (6)

Being able to maximize botk and(g for fixed M is ideal . ) )
for any differential code. which represents thetandard decoding equatidar DSTC.

In [3] Hughes introduces a systematic approach to dif- 10 assist in the description of DSTC with offset mod-
ferential group creation through algebraic cyclic and dicyclic Uluation in Section 3, it is worthwhile to rewrite (6) in an
group construction. This technique produces fully diverse eduivalent but slightly more complex form. Consider the
groups as well as good data rates idr = 2 antenna sys- ~ Matrix block estimatetx;, when used with (4)
tems. In [6] Shokrollahi et al. show the constructionadif G. ¢l 6 %)
possible fully diverse, unitary differential groups with any k= -1k

number of transmit and receive antennas. They were able tqyhich suggests that an estimate 1@, is possible given

produce high rate, highly diverse codes with the slight dis- gstimates foC,_, andC}.. Now define a cost function
advantage of atypical modulation schemes (for example, the

SL,(F5) code contains symbol values that can best be de- Ae(l,m) = || X,1CICp — X4, 8
scribed as coming from a 60QAM-like constellation which o _ _
may be unrealistic for pre_existing Systems)_ wherel,m = 1...L are indices into the matrix group

This paperwi” focus on the genera] approach that Hughe@f size L and should not be confused with the time index
suggests of using cyclic group codes, and more specificallyk. Minimizing (8) overl andm will produce estimates for
the group created with matrix elements containing QPSK Ci-1 and C; which ultimately result in the desired esti-
Symbols. Hughes’ approach commences by deﬁning thematEGk from (7) While both detection schemes will pro-

group duce the same error rate, (6) requires on the ordérmmf-
. trix operations per block detected while (8) requifésop-
g=Jla|1 0 x| 0 L erations.
0 1 0 —j 3)
L { 0 -1 } L [ 0 ]} 3. DSTC WITH OFFSET MODULATION
1 0 |75 01l

Offset modulation such as OQPSK is often used wherein
the transitions of the in-phase and quadrature symbol com-
ponents are offset by a half-symbol time. This approach
never allows transitions directly through the origin in the
complex constellation and therefore reduces out of band ra-
diation when used with nonlinear power amplifiers. In this

which is anL = 8 group taking values in the QPSK constel-
lation. This group is analogous to the algebraic quaternion
group and will be called the quaternion code when associ-
ated with DSTC. To send a blod&;,, we use thestandard
encoding equation

Cr=Cy Gy, k=1,... K, (4) section we examine DSTC with OQPSK. To simplify nota-
tion, we will use DSTC and ODSTC to indicate differential
whereGy, represents a matrix taken from grodpand Cy, space-time coding with QPSK and OQPSK modulation, re-
is the encoded block that is actually transmitted at block spectively.
time k. C, is an initialization matrix that is not used to To allow detailed examination of the matrices involved,

transmit data and can be any x A matrix that satisfies  we will simplify the problem by restricting the system to
CoC(T) = M Iy, wherel,; represents the/ x M identity two transmit and one receive antenna. The extension of this
matrix and{-}' is a conjugate transpose. For our analysis simplified scenario to larger arrays will not be addressed in
we will place a further constraint th&f, must be chosen this paper, although it should be possible to extend the re-
such thaC, € C(G contains matrix elements in the QPSK  sults to this case with additional research. Consider first
constellation. Also, for notational simplicity we define the the transmit block represented as complex-baseband sam-
groupC = C, @ that contains all possible transmit blocks.  ples which has element values
After differential encoding and transmission, received 0 N )
(1 1 .
blocks can be expressed as €. = a,(fl) +]b,(€2) algg% +]b,({$% 7 ©
Xp=pHC, + Ny, k=1,... K, (5) ap’ b ags T by
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wherek denotes matrix time index;;,, andb;, are the in- strated that the cardinality f@ andQ will be L = 128 and
phase and quadrature parts of the transmitted symbol re-I. = 8, respectively, for the quaternion code. The mf out-
spectively, and the superscript denotes from which antennaputs at the receiver can then be divided into the forms

the symbol is transmitted. For DSTC, this form is retained

after transmission through the channel. For ODSTC, how- Y, = pHP(Cy_1,Ci,Ciy1) + N, (12)
ever, the offset modulation rearranges the transmission. Us- Z, = /pHQ(C)+N.,,

ing two samples per symbol (to properly capture the offset

modulation), the received symbol block can be representedwith N, andN ,, representing appropriately correlated noise
as shown in (10), where the mf correlation function is as- samples [8]. Because this rearrangement leads to a form
sumed to beRk,(7) = 0 for || > T, andR,(7) = 1 for similar to that encountered in DSTC, we can modify the
7| = L+ as discussed in [7]. DSTC detector to accommodate this structure.

The form in (10) reveals the difficulty associated with Some comments are in order regarding the prearranged
ODSTC detection. In a SISO system the detector will sim- setsP andQ. Both sets will ultimately contribute to detec-
ply use alternating samples to extract the in-phase and quadtan of the encoded blocks, which can take on eight dif-
ture components to reconstruct the original signals. How- ferent values for the quaternion group. The Beis much
ever, in our2 x 1 system, the transmissions from each an- larger than needed, due to I1BI, whiiis of the desired size
tenna experience a different channel phase, and therefore aa direct result of the set creation. An unexpected result of
simple phase rotation cannot be performed that will allow this particular set creation is th& has zero diversity from
extraction of the in-phase and quadrature components for(2) but @ is fully diverse. This is satisfying as it suggests
both transmit antennas. Since the matrix in (10) therefore that ODSTC enjoys a similar diversity advantage as DSTC.
must be detected aswn-squareblock, the detection algo- To motivate the structure of the detector, consider first
rithm must change. discarding the entire sé% and using onlyQ to find esti-

To overcome these difficulties with ODSTC we will first mates forGy. SinceQ is not a group in the algebraic sense,
separate (10) into tw@ x 2 matrices. While several per- it is useful to use the alternate detector suggested in (8), or
mutations are possible, we recognize that the second and
third columns of the matrix are dependent only on the cur- )\,(f)(l, m) = |Z,-1Q(C1) " 'Q(Cn) — Zx||,  (13)
rent transmit blockC;,, while the first and fourth columns
have inter-block interference (lBl) from preViOUS and future Wherel7 m=20...L — 1, the Superscript |rj\](€q) indicates
blocksCj.—; andCy...1, respectively. As areceived setwith  the set over which the cost function is defined, and the con-
no IBI most Closely mimics the behavior of DSTC received jugate transpose Operator has been Changed to an inverse
matrices, we will use this grouping for formulating the de- pecause the elements @fare no longer unitary. For com-

tector. pleteness, we could alternately disc&dnd write a detec-
Notationally, we can perform the above arrangement of g using only seP

mf outputs by defining the two matrix valued functions

AP (1,m) =
i (1 (1) P(Cécl 17clk7((jll§+1) (1) I/nin,‘|YkP71(Cl’vClvcm)P(Cvam7Cm/) *Yk’Ha
(b 1 +b ) 5( ket i +a’k+1)+-]bk+§ l,m (14)
;f) + 2(b(2) 1 + b(2)) %(a@) + a(2) ) +]b(2) . . . . )
k+3 k+1 where any information not specifically coming from the cur
) rent and previous blocks is removed by minimization.
Q(Cy) = With these cost functions established, we recognize that

[ %( (1) +a(1) )+jb§€1) a(l)l + %(bm Jrb(l) ) using either cost function independently would discard in-

e (2) () ’ggf (@) (2) formation. It is therefore more intuitive to jointly minimize
I slay” ol ) +ib7 a5 +000) both cost functions by minimizing their sum

(11)
We further define the two sef8 and Q as containing all )\k(l m) =

possible outcomes @& (-) andQ(-). It can easily be demon- )\(q)(l m) + )\ (g m) 4+ ming Ap_1 (', 1), (15)
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Fig. 1. Bit-error performance for ODSTC using either or
both of the created sefd or Q. Also shown is the BER for
DSTC.

where\,_1 is included as a residual term as it contains in-
formation for the current block. The desired estimétg
from (7) is realized by minimizing (15) ovérandm which
produces estimates fa,_; andC;..

Since an analytical approach to arriving at (15) as a pos-
sible maximum likelihood detector may prove intractable,
we resort to simulation to prove that only a small degra-
dation in performance is observed by using ODSTC ver-
sus DSTC. For this simulation, the quaternion group is en-

coded and transmitted exactly as has been explained Wiﬂ'ﬁ

in-phase and quadrature components offset by half a sym

bol period. The mf outputs at the receiver are arranged as

suggested and detection is performed by minimization of
the cost functions (13), (14), and (15) respectively, with
the latter termed simply ODSTC in the following. Figure 1
shows the performance of these detectors compared to th
of standard DSTC. Because the cost function (14) uses o
the seP which has zero diversity product, this detection
approach performs poorly. Detection using (13) alone ex-
hibits improved error performance, although the loss over
standard DSTC is significant. However, the combined de-

al
n

4. INCREASED RATE WITH ODSTC

The analysis of Section 3 reveals that under ODSTC, the
received blocks lose most of the characteristics of the orig-
inal transmit group, but retain full diversity. This relaxed
constraint at the receiver implies additional freedom in im-
plementation relative to traditional DSTC. In fact, careful
examination of (10) reveals that the received ODSTC ma-
trix elements have 8 possible phases, similar to what would
be achieved using DSTC with 8PSK symbols. This imme-
diately suggests the possibility of increasing the data rate
since the ability to use 8PSK symbols will allow the cre-
ation of larger, fully diverse sets [3]. For example, if we
relax the constraint of requiring a fully diverse group at the
transmitter, we can define &= 16 element group to re-
place the quaternion code

{

which consists of all possible diagonal unitary matrices within
the QPSK constellation. From (1) it can be seen that this
new group will transmit at a rate of 2.0 b/s/Hz (rate 2.0) ver-
sus 1.5 b/s/Hz (rate 1.5) for the quaternion code. It should
be noted that this group is not fully diverse and would per-
form poorly in a fading channel if used with DSTC.
However, when used with ODSTC combined with the
detection scheme suggested in this paper, the receivedl set
is fully diverse. From Figure 1 and discussion at the end of
the last section, we concluded that for ODSTC it is sufficient
for eitherP or Q to be fully diverse, but not necessarily
both. ODSTC, therefore, can exploit a non-diverse group
t the transmitter in order to receive differentially encoded
locks while using the offset nature of OQPSK to produce
diversity. In this manner a higher rate code is created using

41,45
0

0
41,45

g (16)

the same modulation constellation.

We will now present another possible detector in order
to simplify algorithm implementation. Rather than splitting
qnf outputs into two different sets @fx 2 matrices, we create
one group of all possible2 x 4 matrices. For this case, the
receive block will take the form

X, = /pHC}, + N; 17)

whereC, is defined in (10) andN;, is the correlated noise.

tection based on (15) produces near optimal results since itThe receiver cost function can now be written as

exploits the full diversity of@ while drawing on the addi-
tional information in?. The major consequence of using

Ak(l,m) = ||Xk71C;+C:n—XkH‘*‘Hﬁn)\kfl(l/’1)7 (18)

(15) as a detector is the immense search space required for

minimization, since an ODSTC transmit group withma-
trices has on the order df* states. We also mention that
other simulations were run with different groupings of the
mf outputs. However, these groupings did not perform well,

where[-]* denotes pseudo-inverse and is used since mem-
bers ofC are no longer square.

To demonstrate the performance of this approach, the
simulation scenario from Section 3 was used using the trans-

arguably due to the fact that the proposed arrangement is thenit group (16) with the detector (18). Figure 2 shows the

only one that provides one group with full diversity.

performance of the rate 2.0 ODSTC group when using (15)
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