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Abstract— This paper addresses receiver structures for uni-
tary differential space-time modulation schemes, where chan-
nel coefficients are modelled as complex Gaussian-distributed
random variables and where only second-order statistics about
channel coefficients are available at the receiver. Specifically,
we derive the maximum-likelihood (ML) receiver for flat time-
varying channels. Since the complexity of the ML receiver in-
creases exponentially with the block length, reduced-complexity
receivers are also employed to obtain a compromise between per-
Jformance and complexity. The conventional differential detector
and the subblock-by-subblock detector can be interpreted as
special cases of the proposed sequence estimator. Moreover, the
performance of the sequence estimator under channel mismatch
is investigated.

I. INTRODUCTION

For a reliable high-rate signal transmission, multiple-
input multiple-output (MIMO) systems attract increasing
attention in conjunction with space-time processing tech-
niques. To facilitate the requirement of channel estimation,
differential space-time modulation (DSTM) schemes have
been proposed for flat fading channels [1], [2], [3], where
data symbols can be recovered without knowing the chan-
nel coefficients. A differential detector has been proposed
in [1], [2] taking two adjacent data symbol matrices into
account. The channel coefficients are assumed to be con-
stant for the considered time interval. For moderately or
fast time-varying channels, so-called noncoherent receivers
have been investigated in [4] for the diagonal DSTM
proposed in [2]; the focus is on a multiple-symbol detector
and a simplified version thereof.

In this paper, we investigate the block-wise transmis-
sion with a long block length in conjunction with DSTM
schemes. We derive the maximum-likelihood (ML) receiver
for unitary DSTM schemes over time-varying channels,
where channel coefficients are modelled as complex zero-
mean Gaussian-distributed random variables. Since the
complexity of the ML receiver inhibits its application
for practical systems with a long block length, reduced-
complexity receivers are derived by putting additional con-
straints on the ML receiver. It is shown that previous
works [1], [4], [5] may be interpreted as special cases
of the derived ML receiver. Although the actual channel
coefficients are not necessary for the proposed receivers, the
noise variance and the normalized fade rate are needed for
the data estimation, which motivates the investigation of the
performance of the proposed receivers under the channel
mismatch.
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II. SYSTEM MODEL

Throughout this paper we use the complex baseband
notation.

A. Differential Space-Time Modulator
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Fig. 1. Transmitter structure of DSTM schemes

Fig. 1 illustrates the transmitter structure of DSTM
schemes, where R, ny, A[k], and X[k] denote the trans-
mission rate, the number of transmit antennas, the data
symbol matrices before and after the differential space-time
encoding, respectively. Note that a suitable Gray mapping
is inherent in the selection of symbol matrices, following
the design criteria for space-time codes [1], [6].

While DPSK modulation in single antenna systems is
performed on a scalar basis, DSTM is carried out on a
matrix basis:

X[k = [knrl, - X[k + Dnr - 1]

= X[k —1]A[k] € CnTX"T, (1)

where x[r] denotes the data vector transmitted over nr
antennas at time index k. Within this paper, focus is on
unitary data symbol matrices, i.e., A[k]A*[k] = I,,, and
X[k XH2[k] = 1,,.

B. Time-Varying MIMO Channel Model

The time-varying flat MIMO channel model can be
represented as follows:

Y[k] = [Hlknr], - H[(k + 1)ny — 1]] X[k] + N[k],
@

where
X[k = diag {x[knz], -, x[(k + L)ng — 1]} € CrExnr,

and H[x] € C"®*"T denotes the channel matrix at time
index k. Note that nr denotes the number of receive anten-
nas. Assuming a block transmission with /N data symbol
matrices pro block, the channel model can compactly be
written as

Y=HX+N € cnr*Nnr

3)
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where Y = [Y[0],---Y[N —1]], and H € Cmn*Nni,
X € ¢NnrxNnr gnd N are suitably defined according
to (2). The temporal/spatial correlation function of channel
coefficients is assumed as

B {h¥ [+ 1) (W1[w])" } = o[i — plolj — alénls'), @)

where 0 <i,p<nr—1, 0 <j,q <nr—1, 0[] denotes
the discrete-time delta function, and h*J[k] is the channel
coefficient between the i-th receive antenna and the j-th
transmit antenna at time index k. Notice that (4) implies
that channel coefficients have the identical time-correlation
property and that there is no spatial correlation. Assuming
2-D isotropic scattering, the autocorrelation function of
complex Gaussian-distributed channel coefficients reads

onl] = E{n [k + & (W9 ]6])" } = Jo (27 foTR)
(%)

where Jy(+) denotes the zeroth order Bessel function of first
kind and fpT denotes the normalized fade rate. Moreover,
the average power of channel coefficients is normalized to
E {|n"[s]]*} = 1.

Based on the channel model (3), the likelihood function
of the observation matrix Y can be described as [7]

1

(WN”T det (%CY))HR
X exp (Tr {—Y (icy> - YH}> .(6)
ng

The covariance matrix of channel outputs is defined as

Cy 2E{Y"Y|X,¢u[k]} = np X" ®uX +npo’lnn,,

(7
where o2 denotes the noise variance of additive white
Gaussian noise process at each receive antenna. Denoting
@[] = diag {¢n[k]} € C"T*"T, the channel correlation
matrix can be evaluated as follows:

p(Y | X, ®n) =

@, [0] - ®p[Nnr — 1]
‘1>H——E {H"H}= : . :
o y[Nng —1] - &,[0]
= &, ®1L,, €CNixNnt (8)

where ® denotes the Kronecker product and
¢ [0] ¢n[Nng — 1]
e= : :
n[Nng — 1] én[0]

C. Maximum-Likelihood Receiver for Unitary DSTM

According to the likelihood function (6), the maximum-
likelihood sequence estimation can be written as

X = argm)%n {Tr {Yé;lYH} + log det (éy)} , (9)

where the  conditional  covariance éy =
E {YHY | )NC, <I>H}, cf. (7), is essential for the sequence
estimation.

For unitary data symbol matrices, X [knr + k1 |X[knr +
ko] = 8[k1 — K2]. Let us define the signal containing term

E CN’I’LTXN’I’LT'

in Cy as Cx 2 XH¥®yX. Invoking (1), Cx can be
evaluated as shown on the top of the next page, where
©® denotes the element-wise multiplication (also called
Hardmard product) and for 1 <¢ < N —1

linT] oli + Dnr —1]
@i = : z
ol(i + Vg — 1] olinz]

Moreover, CNJX is independent of the phase reference X[0],
as shown in (10).

Eqns. (10) and (9) together give the decision rule of the
ML sequence estimation for unitary DSTM schemes. Note
that the ML decision rules derived in [4] and [5] can be
regarded as two special cases of the derived ML receiver,
where the approach in [4] is for the diagonal DSTM and the
approach in [5] is suitable for quasi-static channels (channel
coefficients are constant over np symbol periods).

III. REDUCED-COMPLEXITY RECEIVERS FOR DSTM
SCHEMES

The ML receiver (9) is an exhaustive search approach,
where the complexity exponentially increases with the
block length Nnp. This motivates an investigation of
reduced-complexity receivers suitable for DSTM schemes.

A. Differential Detector (DD)

Under the quasi-static assumption, the differential detec-
tor in the context of DSTM has been derived in [1], [2]:

Alk] = arg win {—n (%{Y[k - 1]A[k]YH[k]})}
= argr;{i;]l{u YIK - Y[k - AR |2}, (D)

where the term Y[k — 1JA[k] ~ H[k]X[k] implies that
(11) approximates the coherent ML estimate for X[k]. If
only two adjacent matrices are taken into consideration and
the channel coefficients remain constant for 2 symbol
periods, (11) has been shown to be the maximum-likelihood
solution [1], [2].

Let us assume that the channel coefficients are approxi-
mately constant for K ny adjacent symbols. Consequently,
the relevant term for detection in (11) can be generalized
as follows:

—2K;—1—1

z RN (S
xﬁA

l=j—1

(i +7)]
G+D1% (12)

where Y[k—(i+j)] H?:jfl A[k—(i+1)] actually estimates
H[k — i]X[k — i]. There are total Ks — 1 — i estimates for
H[k — i|X[k — {] instead of one single estimate as in (11).
For K¢ = 2, (12) reduces to the argument in (11). Based on
(12), K, — 1 data symbols can jointly be estimated based
on Ksnp channel outputs.
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L, @, o (&) @y © (I Alm)) |
~ H No1~
(ij — ®© (A[l]) InT N2 © (Um2 A[m]) c ¢NnrxNnr (10)
oy (I A" oo (I Am])” L. |

B. Subblock-by-Subblock Detector (SSD)

Taking the time correlation of channel coefficients into
account, the data estimation may be performed on a
subblock-by-subblock basis. If K denotes the number of
data matrices after DSTM within a subblock, the data
estimation is performed for Ky — 1 data matrices before
DSTM as follows:

(K[k—Kerz],--- ,K[k]) (13)

(A[k— K, 42, ,A[k]) .

min L
{Alk—K,+2], ,AlK]}

arg

The conditional negative log-likelihood function is defined
as

L (A[k—Kerz],--- ,A[k]) (14)

ATy {YKS KCYL Y [k]} +log det (GYKS [k]) :
where
Y. [k] = [Y[k-Ks+1],,Y[k]
= Hy [k Xk, [K] + N, [k] € Crrrfent
Oy = B{YRYr K| X k] 2uf.

For the special case fpT = 0, (14) coincides with (12),
which implies that (12) is a maximum likelihood solution
for time-invariant channels.

C. Sequence Estimator (SE)

The detectors presented in III-A and III-B ignore the
dependence of data symbols between adjacent subblocks.
Consequently, the sequence estimation decouples into iso-
lated subblock detections. Taking the dependence of data
symbols between adjacent subblocks into account, sequence
estimation may be performed under the following assump-
tion:

p(YIX 2u)~ s (Yo 61| X [1], )
k=0

Ng,—1
=11 » (Y6 | Ak - K 42, AlK], @u) , (15)
k=0

where N denotes the total number of overlapping sub-
blocks in each block and the second equation can easily
be seen from (10). Fig. 2 illustrates how to divide a long
burst into overlapping subblocks, where M ny symbols are
overlapped between two adjacent subblocks. The parameter
M, actually indicates the dependence degree, where a
larger M, means a higher dependence and vice versa. For
the maximal overlapping (M; = K, — 1), the number
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of overlapping subblocks can be determined as N,
N — K+ 2. For the minimal overlapping (M; = 1), Ny =
N/(Ks — 1), and the sequence estimator reduces to the
subblock-by-subblock detector (13), where the overlapping
is necessary to resolve the phase ambiguity as obvious from
11-C.
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Fig. 2. Overlapping subblocks with parameters K and M,

According to (15), sequence estimation is carried out as

N,—1
{ I » (Yl | XKs[k],@H)}. (16)
k=0

Consequently, an evaluation of (16) can be accomplished
by means of a trellis with M2 states (M = 2Fn7),
where state transitions are determined by the data symbols
corresponding to A[k — Ks+2],---, A[k], cf. (15). In the
following, we consider the special case My = K —1, which
implies that there are M branches starting from each state
and M branches merging into each state in the defined
trellis. For other cases, i.e., 1 < M, < K, — 1, suitable
trellises can also be defined similar as in the context of
noncoherent sequence estimation for DPSK signals [8].

X = argmax
X

IV. NUMERICAL RESULTS

The different receivers have been tested for two DSTM
schemes, namely, the DSTM scheme proposed by Hughes
[1] (referred to as DSTM-Hug in the sequel) and the
diagonal DSTM proposed by Hochwald and Sweldens [2].
For simulations, we have selected the system parameters
as R=1,ny =2, ng =1, and N = 66. Accordingly,
the data symbol matrices before DSTM for the DSTM-Hug
scheme are chosen as follows: (1 <k < N —1)

A[k]e{“) _01 }[_01 _01 ]7{_01 (1)}[8 (1)”’
and ‘o [ iﬁ _fl
v

serves as the phase reference.

Our simulation results show a similar performance be-
tween two DSTM schemes for quasi-static and time-
varying channels. Therefore, only results for the DSTM-
Hug scheme are presented within this paper. Fig. 3 shows



the performance of different receivers for static channels,
where no significant improvement is visible by means of
SSD or SE compared to the conventional DD receiver. It
can also be seen from Fig. 3 that all receivers achieve a
diversity degree of two. By increasing K, the performance
of SE/SSD will approach the performance of coherent de-
tection, i.e., channel coefficients are perfectly known at the
receiver (denoted as “known CIR”). Simulation results for
different fpT's are illustrated on the left hand side (LHS)
of Fig. 4. For slowly fading channels (fpT < 5-107%),
different receivers exhibit a similar performance despite
different complexities. For moderately or fast time-varying
channels, the DD receiver shows a significant performance
degradation compared to SSD and SE. The SE shows a
big advantage over the SSD for fast time-varying channels
(fpT > 1072). The error floor at high fpT values can
be reduced significantly by increasing the complexity of
SE/SSD, as shown on the right hand side (RHS) of Fig. 4.
While the diversity degree for the SE with Ky = 4
approximates one, the SE with Ky = 5 can achieve a
diversity degree of about 1.5.

Bit error rate
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Fig. 3. BER performance of different receivers for fpT = 0.
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Fig. 4. Comparison of different receivers for different normalized fade
rates. Solid lines, dot-dashed lines, and long-dashed lines correspond to
SE, SSD, and DD, respectively.

Till this point, the SNR and fpT values are perfectly
known at the receiver. The effect of channel mismatch on
the performance is shown in Fig. 5, where curves on the
LHS and curves on the RHS correspond to a mismatch
of noise variance and to a mismatch of fpT, respectively.
For large fpT's, an under-determination of SNR causes a

performance degradation, while an over-determination of
SNR will be problematic for low fpTs, e.g., fpT = 1073,
Concerning the mismatch of fp7', an over-determination
does not cause a significant degradation for fpT > 5-1073.
The receivers under high fpT's (fpT > 5-10~2) is more
robust against the channel mismatch than receivers under
low fpT's.
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Fig. 5. Effect of channel mismatch on BER performance.

V. CONCLUSIONS

In this paper, we derived the ML receiver and reduced-
complexity receivers thereof for unitary DSTM schemes,
where only the correlation function of channel coefficients
is available at the receiver. For the derived sequence es-
timator, the overlapping length M adjusts the computa-
tional complexity and the performance of the sequence
estimator. The subblock-by-subblock detector and the dif-
ferential detector have been shown as special cases of the
sequence estimator. Increasing K3 in SE/SSD will improve
the coding advantage of DSTM schemes for quasi-static
channels and improve the diversity advantage for severe
time-selective channels. The SE significantly outperforms
the SSD for fast time-varying channels, where the DD fails
to deliver reasonable results. Finally, the channel mismatch
with respect to the noise variance and the normalized fade
rate was investigated for the SE by means of simulations.
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