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Abstract

The orthogonal space-time coded continuous phase modulation (OST-CPM) system shows
attractive performance over fading MIMO channels. In this paper, the Chernoff bound on pair-wise error
probability (PWEP) is studied for two transmit antennas over spatially correlated quasi-static Rayleigh-
fading channel. The maximum likelihood sequence detection (MLSD) algorithm is applied to the OST-CPM
system. Approximate bound for high signal-to-noise ratio (SNR) is derived to evaluate the encoding
performance in correlated channel. The effects of correlation coefficient matrices on the coding
performance are simulated. Both analytical and simulation results show that the coding performance of this
system decreases as the fading coefficients between the antennas increases. And the penalty on the
coding performance increases a lot in fully correlated channel.
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1. Introduction

Space-time coding has shown considerable promise for reliable transmission over
wireless fading channels by efficiently employing diversity [1] -[5] . Almost all existing space-
time code designs consider linear modulation scheme. However the continuous phase
modulation (CPM) has the characteristics of constant envelope and phase continuity. Therefore
CPM has become an attractive scheme for the data transmission over both bandwidth and
power limited links such as mobile satellite communications [6] . Combining CPM with space-
time coding (STC-CPM) can provide better performance in wireless communications [7] -[11] .
Wang et al.[8] extended Alamouti's orthogonal encoding criterion to CPM signals and designed
orthogonal space-time coded CPM (OST-CPM) systems with n=2, where different CPM
schemes are applied for the two transmit antennas. The optimum detection method for OST-
CPM systems is maximum likelihood sequence detection (MLSD) algorithm. Previous work on
OST-CPM systems has been restricted ot the ideal case of independent and identically
distributed (i.i.d.) channels, i.e., uncorrelated fading channels. However insufficient antenna
spacing and lack of scattering cause the individual antennas to be correlated for a real-world
channel model [12] .

Chernoff bounds on pair-wise error probabilities (PWEP) have been used to design
space-time codes and analyze the performance of multiple-input-multiple-output (MIMO)
wireless communication systems. The effect of spatial correlation on the PWEP of the space-
time code is studied in slow Rayleigh fading MIMO channels [13] [14] . Most of the work
reseached on OST-CPM is on encoding and decoding design, and no similar work has been
done with the impact of spatial correlation.

In this paper, we derive Chernoff bound expressions for MLSD algorithm of the OST-
CPM system in a correlated quasi-static Rayleigh-fading channel. Approximate Chernoff bound
and achievable diversity gain are derived for high scattering signal-to-noise ratio (SNR). We
consider spatically correlated fading on the transmit or receive side or both. The frame error rate
(FER) performance of OST-2CPM systems in fully and partially correlated and i.i.d. channels
are simulated and compared with each other.
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2. System Model

In this paper, a wireless communication system with nr transmit and ng receive
antennas is considered. For simplification we just focus on the baseband equivalent block
diagram of the OST-CPM system, which is shown in

Figure 1.
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Figure 1. Simplified base-band equivalent block diagram of OST-CPM system

We define an nyxL space-time codeword matrix X as the input of space-time coded
modulator, obtained by arranging the transmitted sequence in an array as

X1 X2 XL
X:[xl,xz,m,anT: X2t Xz:'z oL (1)
Xne1 Xn 2 X L
where the i-th row x; =[x+, X2, ..., X;.] is the data sequence transmitted from the i-th transmit

antenna. Then the OST-CPM signals are simultaneously transmitted from the n; transmit
antennas.
The transmitted signal at the i-th antenna can be represented as

Si(t’xi)=\/EEXP{W(LXJ}J=112-”"”T (2)

K
Bt %) =270 X q(t-nT) KT <t<(k+1)T (3)
n=0

where E; is the symbol energy, T is the symbol period, ¢ (t, x;) is the carried phase information,
t
h is the modulation index. q(t) =I g(r)dr is the phase smoothing response function. g(t) is the

pulse shaping function, which is nonzero only at the limited time period O<t<LT (L is the
modulation memory). We take the OST-CPM system with two transmit antennas for example.
The two CPM-modulated signals are transmitted by the two transmit antennas simultaneously.
Due to the orthogonal coding design for the CPM signals, the rows of the matrix

$(t,X) s (t+T,X)
5, (1, X) sz(t+T,X)} (4)

are orthogonal for each t for the MSLD algorithm to be studied in the next section [8]
The MIMO channel with nr transmit and ng receive antennas can be represented by an
n*ng channel matrix H. At time t, the channel matrix H is given by
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() Pa(t) - g (1)

H, = hz,l.(t) hz,%(t) hzyn?(t) 5

hnT,.l(t) hnT,'z(t) Moy o, (1)

where h;(t) is the correlated fading coefficient for the path from the i-th transmit antenna to the j-
th receive antenna, and is modeled as a complex Gaussian random variable with zero mean
and variance o”. For quasi-static fading channels, the fading coefficients are constant during a
frame and vary from one frame to another, which means that the symbol period is small
compared to the channel coherence time. So we can ignore the time t of the fading coefficient
h,‘yj(t) to h,‘yj.

A slightly less general but more useful model considers correlations on transmit and
receive sides separately. The transmit correlation matrix is represented as Rr while receive
correlation matrix is as Rg, which can be represented as

Ry = KgrKg (6)
where Kg is a ngxng matrix and
Ry = Ky K{ (7)

where is Kr a nyxny matrix and superscript H denotes the Hermitian (transpose conjugate) of a
matrix. Matrices Kg and Kt are ngxng and nyxnr lower triangular matrices with positive diagonal
elements. They can be obtained from the respective correlation matrices Rg and Ry by
Cholesky decomposition. The coefficient matrix in correlated channels, denoted by H, is
represented as [15]

H = KgH, Ky (8)

where H,, is ai.i.d. channel fading coefficients matrix.

At the receiver, the signal at each receive antenna is a noisy superposition of the nr
transmitted signals degraded by channel fading. At time f, the received signals at the j-th
antenna can be written as

o
rj(t):Zhi’jsi (tx)+n;@),  j=12ng (9)
i=1

where nt) is the noise component of the j-th receive antenna at time t, which is modeled as a
zero-mean complex Gaussian random variable with one sided power spectral density N, per
dimension.

3. Performance Analysis

The optimum decoding and demodulation of OST-CPM system is maximum likelihood
sequence detection (MLSD) algorithm. We assume that the decoder at the receiver has ideal
channel state information (CSI) on the MIMO channel. The decoded codeword matrix X can be
expressed as

2

N Do wlLT
X =argmin dt 10
' ;jo (10)

T (t)_ihi,jsi (t %)

1
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The pair-wise error probability (PWEP) is the probability that the decoder selects as its

5 ~ A ~ 7 . L
estimate an erroneous matrix X =[x1, Xo, 0o, an] when the transmitted matrix is in fact

T
X =[Xl, Xo, s XnT] . In maximum likelihood decoding algorithm, that occurs if

2
dt (11)

? Jr LT
dt > I

X[
=

The above inequality is equivalent to

T (t)_i_l:hi,jsi (tx)

T (t)_i_l:hi,jsi (t%)

2
dt (12)

T‘Z::IOLT ) Re{n]f (t)i_l:hi’j [Si (t%)=s(tx )}}dt = i::IOLT

where Re{-} means the real part of a complex number.

It has been assumed that ideal CSI is available at the receiver. That is to say a
realization of the fading coefficient matrix H is given. Therefore the term on the left side of (12)
is a zero mean Gaussian random variable and the term on the right side is a constant equal to

dZ[S(X),S(X)] And dZ[S(X),S(X)} is a modified Euclidean distance between the two

Ny
ghu[si (t%)-si(t.x)]

OST-CPM signal matrices S(X) and S ()Z) .

2
dt (13)

olz[s(x),s(>2)]=i:joLT

ihid’[si (t.X)-s;(t, Xi)]
i=1

The PWEP conditioned on H can be approximated by [8]

P(x—>>2|H):Q(J2ETSOd2[s(x),s(>Z)H (14)

The modified Euclidean distance d? [S(X), S()A()J can be rewritten as
dz[s(x),s(X)]ztr(HB(x,X)HH) (15)

where B(X, )2) is a nyxnr signal distance matrix with entries

[Cafa [Taosoa - [ aa, 0]
B(Xl )2): J»OLT N (t?A; o J-0|_T|A2.(t)2 dt J-OLT A (t?AnT (t)dt (16)
jOLTAl(t)A;T (t)dt OLTAZ (t)A;, (t)dt J'OLT| o ( )|2 dt

and A, (1) is the difference signal
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A (t):Si (t, %) —si(t, %) (17)
For simplicity, we note I'=d? [S(X), S ()Z)J . By using Graig's formula for the Gaussian
Q function
2 x*
X) = ex deo, 18
Q) = j Pl e (18)

we can rewrite the conditional PWEP (14) as

- 105 E,
P(X > X|H|==|2exps———Td@ 19
( | ) ﬂJ.O p{ 4N, sin? 6 } (19)

In order to calculate the average PWEP, we average (19) with respect to the distribution
of I'. The average PWEP can be represented in terms of the moment generating function
(MGF) of I, which is given by

M (s) = J’: e P (I)dT (20)

Thus the average PWEP can be represented as

- z E
P(X*X)%LZE[GX‘)(‘WFH“
=N [ JPF(F)dFdH @1)
4N, sin® @

:—IZM — = g
4Nosm 4Ngsin? 6

Therefore the PWEP can be represented as [16]

P(X —>X)= j2HH[1+4N fay -/1,} d9<HH[1+4N ,T (22)

=1 j=1 =1 j=1

where y; and /; are the eigenvalues of matrices B(X, X)RT and Rg respectively. Equation (22)

is the Chernoff bound for the PWEP. When the SNR is high, the upper bound can be simplified
as [3]

P(X > X)< [ j I1 T(us)” (23)

i=1 j=1

where r and f are the ranks of B(X,)Z)RT and Rg respectively. g (i=12,---,r) and

2;(i=12,---,1) are the nonzero eigenvalues ofB(X, )z)RT and Rg.

Then we will analyze the encoding performance variation of the OST-CPM system
when the MIMO channels are correlated. In independent MIMO fading channels, the correlation
coefficient matrices Ry and Rgr are unit matrices with ny and ng nonzero eigenvalues
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respectively, which are defined as 44 (i=1,2,---,n; ) =2;(j=12,---,n3) =1. B(X,)z) and Ry are
independent and Ry has full rank, thus the rank of B(X,)Z)RT is the same as the one of
B(X, )2) The product of all the nonzero eigenvalues y; (i=1,2,...,r) of B(X, X)RT equals to the

product of the nonzero eigenvalues sy (k=12,---,r) of B(X,)Z) and the ones

4 (i=12,--,n ) of Ry.

r r Ny r
TTa=TTm TTm =110 (24)
i=1 k=1 i=1 k=1

and

Ng

n
Hg{ =1, H/lj =1 (25)
i=1

j=1

For independent MIMO channels, the PWEP upper bound (23) of OST-CPM could be
simplified to

P(x—>>2)s(4i:0] [T 26)

k=1

When the MIMO channel is partially correlated, matrices Rr and Rk are full rank. The
PWEP upper bound could be represented as

A ~Mr Ny r R _
Ppartial (X - X ) < [4?\]80 \J HHH(M’#M;‘ ) ' (27)

i=1 k=1 j=1

For full rank matrices Rrand Rg with Toeplitz form, all the eigenvalues (i =1 2,~~,nT)
and 4; (j :1,2,~--,nR) are nonzero and the multiplication of all eigenvalues is smaller than 1.
That is to say

Nt N

_ -1
[ 1) toq, [1(%) >1 (28)
i=1 j
Consequently we can derive that

E -mg ¢ ) E -y ng
S A S
) o)1

k=1 i=1 k=1 j=1

(wisi;)” (29)

The PWEP upper bound in equation (27) is increased with independent MIMO
channels. Finally we have deduced that the encoding performance of the OST-CPM system in
partially correlated channels is degraded than the performance in independent channels.

4. Simulation Results
In this section, some simulation results are presented to evaluate the FER
performances of the MLSD over quasi-static Rayleigh fading channels with spatial correlation.
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OST-2CPM systems of full response CPM signals with two transmit antennas are considered.
The number of receive antennas is one and two. The modulation index h is choosen to be 0.25
and 0.5. The transmit and receive antenna correlation matrices are given

1 1
by R; :{ plt} Rg :{ ’?} for the two transmit and two receive antennas systems.
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Figure 3. FER of OST-2CPM (h=0.5) with 2 transmit antennas and 1 receive antennas

Figure 2,

Figure 3 and

Figure 4 show the FER performances of the MLSD algorithm for the OST-2CPM system
with different modulation index h. Simulation results show that the error performance over a
correlated channel is degraded by approximately 2dB at a FER of 10 when the correlated
index p increases from 0 to 0.7 for the one-receive OST-2CPM system. And the penalty on the
code performance increases to over 9dB at the same FER in fully correlated channel. For the
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two receive antennas OST-2CPM system the FER is degraded by approximately 3dB at a FER
of 10 when the correlated index pr increases from 0 to 0.7. It can also be observed from the
two figures that the diversity gain decreases when the channel is fully correlated. The upper
bounds can be closer when the diversity is high, e.g., if the number of the transmit or receive
antennas is increased.

— ~ Sim,p=p =0.7
—e - Sim,p=0,p =1
—+— Bound,p=p =0

—— Bound,p=p,=0.7 |]

—e— Bound,p=0,p =1 |

Figure 4. FER of OST-2CPM (h=0.5) with 2 transmit antennas and 2 receive antennas

5. Conclusion

The effect of the spatial correlation on MLSD of OST-2CPM system over Rayleigh
fading channels was investigated in the paper. The PWEP upper bound of OST-2CPM systems
was deduced to evaluate the coding performance over quasi-static fading channels with spatial
correlation. Simulation results show that the FER performance of this system decreases as the
signal correlation between the antennas increases. The simulation results well match the
theoretical analysis.

References

[11 Foschini G. Layered space-time architecture for wireless communication in a fading environment
when using multiple antennas. Bell Labs Technical Journal. 1996; 1(2): 41-59.

[2] Alamouti S. A simple transmit diversity technique for wireless communications. Selected Areas in
Communications. IEEE Journal on. 1998; 16(8): 1451-1458.

[3] Tarokh V, Naguib A, Seshadri N, Calderbank A. Space-time codes for high data rate wireless
communication: performance criteria in the presence of channel estimation errors, mobility, and
multiple paths. Communications. IEEE Transactions on. 1999; 47(2): 199-207.

[4] Tarokh V, Jafarkhani H, Calderbank A. Space-time block codes from orthogonal designs. Information
Theory. IEEE Transactions on. 1999; 45(5): 1456—1467.

[5] Ibikunle Frank, Olowononi Felix. Application of MIMO Technology to Systems beyond 3G.
International Journal of Informatics and Communication Technology (IJ-ICT). 2012; 1(2): 126-135.

[6] Aulin T, Rydbeck N, Sundberg C. Continuous Phase Modulation- Part | and Part Il. /EEE Trans.
Commun. 1981; 9(8): 196-225.

[71 Wang WW, Abeysekera SS. Novel block construction using tail sequences for space time block coded
CPM Information. Communications and Signal Processing (ICICS) 2011 8th International Conference
on. 2011: 1-5.

[8] Wang G, Xia X. An orthogonal space-time coded CPM system with fast decoding for two transmit
antennas. Information Theory, IEEE Transactions on. 2004; 50(3): 486-493.

[9] Zajic AG, Stuber GL. A Space-Time Code Design for CPM: Diversity Order and Coding Gain.
Information Theory, IEEE Transactions on. 2009; 55(8): 3781- 3798.

TELKOMNIKA Vol. 11, No. 5, May 2013 : 2415 — 2423



TELKOMNIKA ISSN: 2302-4046 B 2423

[10] Hesse M, Lebrun J, Deneire L. L2-Orthogonal ST-Code Design for CPM. Communications, IEEE
Transactions on. 2011; 59(11): 3158- 3166.

[11] Qiang Li, Sheng Luo, Qing Yan, Hongyang Chen. A space-time coding design for continuous phase
modulation over the frequency selective fading channel. Wireless Communications and Networking
Conference (WCNC), IEEE. 2012; 241- 245.

[12] Hua Li, Jing Bai, Shujian Liao, Juanping Wu. Simulation models for MIMO wireless channels.
TELKOMNIKA Indonesian Journal of Electrical Engineering. 2013; 11(1).

[13] Bolcskei H, Paulraj A. Performance of space-time codes in the presence of spatial fading correlation.
Signals, Systems and Computers, 2000. Conference Record of the Thirty-Fourth Asilomar Conference
on, 1.

[14] Uysal M, Georghiades C. Effect of spatial fading correlation on performance of space-time codes.
Electronics Letters. 2001; 37(3): 181-183.

[15] Chuah C, Tse D, Kahn J, Valenzuela R. Capacity scaling in MIMO wireless systems under correlated
fading. Information Theory, IEEE Transactions on. 2002; 48(3): 637—650.

[16] Hedayat A, Shah H, and A Nosratinia, Analysis of space-time coding in correlated fading channels.
Wireless Communications, IEEE Transactions on. 2005; 4(6): 2882—-2891.

Encoding Performance of Orthogonal Space-Time Coded Continuous Phase... (Wenli Shen)



