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Abstract

block-fading channels and fast-fading channels.

As a non-coherent transmission scheme that does not require channel state information at both transmitters and
receivers, unitary space-time modulation is a promising technique that can be applied in high mobility scenario
where the fading coefficients are changing too fast to be tracked and estimated. This article proposes a multi-cell
cooperative transmission scheme based on unitary space-time modulation. Each cooperative base-station transmits
an individual unitary signal from the common constellation set to the mobile unit which is located at the cell edge
and suffers from severe inter-cell interference. Compared with traditional unitary space-time modulation, cooperation
among multi-cells not only eliminates the inter-cell co-channel interference but also increases the transmission rate
by expanding the constellation size. Performance of error probability is analyzed for the proposed scenario with
maximum-likelihood decoding, in which the exact pairwise error probability is derived. Additionally, constellation
optimization for cooperative transmission is also discussed to achieve the balance between transmission efficiency
and reliability. Simulation results are provided to confirm the effectiveness of the proposed scheme in both

Introduction

At present, the development of high-speed railway has put
forward higher requirements for the wireless communi-
cation systems. The latest four-generation (4G) standard
allows for a cellular mobile unit moving at speeds up to
350km/h [1]. Increasing commercial demand for broad-
band wireless communication to provide information and
onboard entertainment services in the high-speed vehi-
cles indicates that the network architecture, hardware
devices and software algorithms should adapt to such
super high-speed.

One major challenge of communications in high speed
scenario is the time-selectivity caused by Doppler shifts
or Doppler spread. Channel estimation becomes unreal-
istic in such time-variant channels, resulting the many of
the current coherent reception techniques degrade in per-
formance or even fail to work [2-4]. In 2000, Hochwald
and Marzetta [5] investigate the capacity of Rayleigh flat-
fading channels where neither the transmitter nor the
receiver knows the channel state information (CSI) and
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propose a space-time modulation scheme. The constel-
lation of proposed scheme consists of a set of unitary
matrices, hence, the name unitary space-time modulation.
Following the similar philosophy, Hochwald and Sweldens
[6] and Hughes [7] present differential unitary space-time
modulation, which is an extension of differential phase-
shift keying (DPSK). All these studies are based on the
assumption that channel-fading coefficients are constant
over an entire block of T temporal samples, however, a
number of following studies shows that this non-coherent
receiving scheme is still effective in the fast-fading chan-
nels, even when the mobile units are moving at very high
speeds [8,9].

This is the case of single link transmission. In the prac-
tical cellular network, all the cells share the same time
and frequency channels, leading to the co-channel inter-
ference (CCI) which greatly degrades the system perfor-
mance. In the high-speed scenario, multi-cell CCI also
exists and becomes more serve when the mobile units
are moving across the cells or along the border area of
the adjacent cells. Multi-base-stations (BSs) cooperation
is believed to be the most effective way to eliminate the
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inter-cell CCI [10-12]. However, most of current coop-
erative transmission schemes assume coherent transmis-
sion based on CSI exchange, which is impractical for the
high-speed scenario. To avoid CSI exchange, this article
proposes a multi-cell cooperative scenario by employing
unitary space-time modulation, in which not only inter-
cell CCI is eliminated in the fast-fading channel without
CSI exchanging but also data rate is increased since all
the cooperative BSs are transmitting individual data bits
simultaneously. Error probability is analyzed in the pro-
posed scenario and exact pairwise error probability (PEP)
is derived for the general case, and the special case as well,
in which the signals are mutually orthogonal. Based on
the PEP results, cooperative constellation optimization is
also considered to achieve the balance between the trans-
mission rate and error performance. To the best of our
knowledge, the multi-cell cooperative transmission based
on unitary space-time modulation has not been treated
before.

The rest of the article is organized as following: Section
“Cooperative transmission based on unitary modula-
tion” presents the system model, signal formulation and
maximum-likelihood (ML) receiver for the cooperative
transmission based on unitary space-time modulation.
Performance analysis is in Section “Performance analysis”
where exact PEP is derived for general case and special
case. In Section “Cooperative constellation optimization’,
the cooperative constellation optimization is discussed.
Simulation results are provided in Section “Simulation
results”. Section “Conclusion” concludes the article.

Cooperative transmission based on unitary
modulation

System model

Consider a cellular network consisting of K BSs, denoted
as BS; ~ BSk and each equipped with M antennas. A
mobile unit configured with N antennas is moving at a
very high speed in the cell-edge area. Suppose that sig-
nals are transmitted in blocks of T successive symbols and
each cooperative BS is transmitting an individual signal to
the mobile unit. The channels are assumed to be Rayleigh
flat-fading and constant within one block in the signal
formulation, however in the simulation we also evaluate
the realtime channels in which the fading coefficients are
changing as a function of time. Channels from the kth
cooperative BS to the mobile unit are denoted by a M x N
matrix Hy and all the elements within Hj; are assumed
to be independently complex Gaussian distributed with
zeros mean and variance of okz. Obviously, Uk2 corresponds
to the average power level of the link from the kth BS to
mobile unit influenced by the large-scale fading. A typical
example of the system is depicted in Figure 1, in which two
cooperative BSs are involved. The benefits of the coop-
eration are straightforward to be seen from Figure 1: the
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link from BS; which used to be interference link in the
non-cooperative mode turns to be the desired link, not
only eliminating the inter-cell CCI but also increasing the
transmission rate.

Signal formulation

According to the system model mentioned above, for any
block time, the received signals in baseband form can be
represented by

K
X=p)Y SH+W, (1)
k=1
where Sy (T x M) is the signal from the kth cooperative BS,
W (T x N) is the additive noise observed at the receiver
and follows independently complex Gaussian distributed
with zeros mean and unit variance, and p represents the
signal-to-noise ratio (SNR).

Conditioned on transmitted symbol Sg, k = 1,2,...,K,
the received signal X (7" x N) has independent and iden-
tically distributed columns (across the N receiving anten-
nas) [5]. At a particular antenna, the T received symbols
are zero-mean symmetric complex Gaussian, with 7' x T
covariance matrix

P K 2¢ i
A=Ir+ 25,08 SkS,, (2)

where I7 is the T x T identity matrix and AT represents
the conjugate transpose of A.

Then the conditional probability density of the received
signals is calculated as

exp(—tr{A~1XXT})
detN A

where tr{-} denotes the trace function. Equation (3) pro-
vides a basis to design the ML receiver.

p(XHSl,Sz,...,S[(}) - ’ (3)

ML receiver

We now consider the ML non-coherent reception of
multi-cell unitary space-time modulated signals. Suppose
the signals transmitted by different cooperative BSs are
from the same constellation set S, named root constella-
tion set, which consists of L signals, i.e.

SpeS ={(VT®,VT®y,...,VT®;}, (4)

in which @,,V/, are T x M unitary matrices satisfy-
ing (I>ZT<I>1 = I and the scaling factor ensures that the
transmitted signals meet the energy constraint so that
%E[ E,Af=1|Sk|2] = 1. By cooperative transmission, each
cooperative BS sends an individual signal which is residing
in the root constellation, thus the K transmitted signals
are actually the permutation and combination of the L
signals from the root constellation, which forms the coop-
erative constellation with the size of LX, denoted as C.
Assume the multi-cell transmission signal is denoted by
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Q = {S1,S2,...,Sx} € C, then to perform the ML
receiver, (3) is to be maximized and ML decoding becomes

Qopr = arg Sklgg)\ifkp(xl{sh S2,...,Sk})

exp(—tr{[Ir + £ TK o881~ XXT))
7N detN[17 + £ 5K 528;8]]

= arg max
Sk eS vk

’

(5)

which is optimal in the sense of ML receiver.

Performance analysis

The probability of decoding error for the multi-cell coop-
erative signals is analyzed in this section. The multi-cell
signals within the cooperative constellation are no longer
unitary, resulting in the more complicated PEP analysis
compared with traditional unitary space-time modula-
tion. The general case is firstly discussed, followed by the
special case in which the unitary signals within the con-
stellation set are mutually orthogonal. Pair-wise errors
are categorized into three error patterns for the special
case, which provides a baseline for the constellation opti-
mization discussed in Section “Cooperative constellation
optimization”

General case

Consider the case that the transmit signals from K coop-
erative BSs are {Si, ..., Sk} while the detected signals are
{gl, ey §1<}. The error probability is

ol Artp/M Y aPSSH XX el Aro/M YR, 028iSDTIXXT]
=p E > ,
A A
(6)

where A = detN(I7 + p/M lele akzgkg}‘;) and A =
detN(IT + p/M 22(:1 UkZSkS;Z). Due to the property of

unitary matrices, Y x_, GkZSkS}; and Y&, okzgkgz can be
decomposed as following

K
Y ofsS) = UsU,
k=1

K
3 o288] = UEU",
k=1

where both U and U are unitary matrices, both £ and b
are diagonal matrices. By taking (7) into (6) and invoking
the matrix inversion lemma, (6) is written as

P P My A (8)
S S = K > —10g — ¢,
81,8 1{S1,...5¢} o B A

where « is defined as t1r{)(+[I~J(f)_1 + p/MIp)~1UT —
U(E’1 + p/MIT)_lUT] X}. By using the vector notation,
k can be further written as [13]

« = vecX) (17 @ U)(Ir ® D)Ir @ U)f
— (Ir ® U)(Ir ® D)(I7 ® U) '] vec(X), )

where D = (514 p/MIp) L and D = (£ 4p/MIp)~,
® denotes the Kronecker product of two matrices, vec(X)
is obtained by stacking the columns of X in the order from
the first one to the last. According to (2) and (7), it is obvi-
ous that the covariance matrix of vec(X) is calculated as

Rx = Iy + p/M(Ixy @ U)(Iy @ Z)(Iy @ U).  (10)

Equation (8) can be determined by resorting to the char-
acteristic function (CHF) of k. Given that « is a quadratic
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form in Gaussian vector vec(X), it is straightforward to
obtain its CHF as

1
E = det(Izy — sDxRx) ™ = —p———,
[exp(s)] = det(Irn — sDxRx) ]_[11521(1 — 1S)
(11)

where r1,79,...,rx are the eigenvalues of the matrix of
DxRx and Dx = (Ir®U)(Ir@D)(Ir®U) - (Ir@U) (17 ®
D)(Ir ® U)". Consequently, the PEP for the general case
is calculated as
1 00 +o00
P{Sl,u-:gl(”[sl AAAA S} = 5 A ds/foo E[exp(sk)] dx
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Table 2 Pairwise error pattern categories

Pairs include

| (VT®, VT®1)} (VT VT®))

[ (VT®1, T8} (VT®2, /Th1}
(VT®1 VT®} (VT VT:),
(VT®, VT®} (VT®,, /T,

Il VT, VT®} (VT VT®),
(VT VT®} {(VT®, VT W1}

Pairwise error pattern

Due to the orthogonal properties of the ®; and ®, the
matrix DxRx has 2MN eigenvalues, MN of which are

2 2
pT(of+0y)/M and the rest MN are —pT(012 + (722)/M

eflog%s
= — Z Ress—1/r, .

Re(rg)>0 s Hf:l(l — 7%S)
(12)

Special case

It is seen from (12) that the PEP expression for the general
case is very complicated and not straightforward. Here, we
extend the results to the special case, in which all the sig-
nals within the root constellation are mutually orthogonal
to each other, i.e. <I>Z<I>j = 0,Vi # j. Two-cell coopera-
tion with the root constellation size of 2 is considered as
a typical example, in which the cooperative constellation
generated from the root constellation is shown in Table 1.
It can be easily extended to the scenarios with more coop-
erative cells or larger size of root constellation. To analyze
the PED, signal pairs are categorized into three patterns
according to their different analysis methods, as shown in
Table 2. The detailed PEP analysis will be derived based
on different pairwise error patterns, respectively.

Pairwise error Pattern |

Pattern-I includes the pair of (VT®1,V/T®,} and
(VT®,,/T®,)}, indicating that both BSs transmit the
same signals and detected signals are also the same. In this
case, the DxRy in (11) can be calculated as

pT (o} + o} /M
1+ pT (o} +03)/M

— pT(0} +03)/M(Iy ® ®1)(Iy ® 1)
(13)

DxRx =

(I ® &) (Iy ® &)

Table 1 Two-cell cooperative constellation based on the
root constellation size of 2

Index BS; transmits BS5 transmits Cooperative
constellation C
1 JT® VT WTe VTo1)
2 VT®, VT®, (VT @/ T®5)
3 JT® JT®, {(VT®1 AT}
4 JT®, JT®, (VT T}

1+pT(o}+03)/M
According to (12), the PEP of this error pattern is

Pl 7o, Te,|ivTa,vTa)
= Pl T0,VT0)(VTO1/T1)

= —Res _ 1+pT 0 +0d)/M
T pTef o3 /M
MN
1 1
X 2 2)/M
S _ pT(of+0; 2 2
( 1+pT(<712+022)/MS> A+ pT(oy + 03)/Ms)
(14)

In the case of M = N = 1, (14) can be further simplified
as

Py T 0, T )(VT O T2} = L JT0T) (VT 01,/ T1)
1

- 2+ pT(O‘12 + 022)'
(15)

Pairwise error Pattern Il

The pair falling into this pattern are the signals of
(NT®1,V/T®,) and {(~/T®,,/T®,}. These two signals
consist of the same root signals, but in different orders.

The DxRx in (11) can be calculated as

/oT(al2 — 022)

M+ ,oTcrz2
,oT(ch2 — 012)
M+ ,0T022

DxRx = Iy ® &) (Iy ® &)

(Iy ® &) (Iy ® ®2)7, (16)

which also has 2MN eigenvalues, MN of which are

T 22 T 2.2 .
L“g) and MN are M. Without loss of
M+pTo; M+pTo;
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generality, assume 012 > 022, therefore, the PEP of this
error pattern is

p {(VT®1,V TP}V TP2,/T 01}
= P Ty T} (VT 1, Ts)

1
= —Res _ MtpToy
_pT(olzfnzz)
MN
1
X
(1 _ pT(alzfozz)s) 1— pT(azzfalz)S
M+pTo} M+pTo}
(17)

In the case of M = N = 1, Equation (17) can be further
simplified as

P T T2 (VT o To1) = LT 02 vT01)(VT1VT02)
1+ pTo}
2+ pT(ot 403
(18)

This is under the assumption of 022 > 012 . Similarly, in the
case of 012 > 022, the PEP becomes

1+ pTo3
2+ pT (0} +03)
= P T,/ T01)|(VTO1 T}
(19)

P T, T0)| (VT 0o T1) =

Pairwise error Pattern Il

Consider the case that {~/T®;,~/T®,} is transmitted
when {/T®;,VT®,)} is detected. The DxRx in (11) can
be calculated as

Dxky = —— 1% (1 @ @)y @ @)
M+ /oTal2
2
pLoy +
———(IN® P2)(Iy ® ®2)', 20
M+pT022(N 2)(IN ® @) (20)
2
whose eigenvalues consist of MN of % and MN of
2
To3 . .
_ MPT?U%' Consequently, the PEP of this error pattern is

P /T, T0,)| (VT 01 T1)

e~ log %s

= —Res M+pTod
s=

pTUzz $
MN (21)
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For the special case that M = N = 1, (21) can be
simplified as

i 1+pTa22
A

2
P Taz

1+ pTolz)e_
2+ ,OTO'12 + ,0T022
(22)

P T @) T (VT®1, T} =

Unlike the signal pairs of previous two patterns, the
error probability when {ﬁ &, VT ®,} is transmitted but
(VT ®1,/T®,} is received is not the same as (22) due
to the asymmetrical structure of these two signals. How-
ever, following the same steps, the PEP for this case when
M = N = 1is calculated as

~log§ -1,
(1+pTo} +pTode ooy
24 pTol + pTo?

P /T, To1)|(VT®, Tl = 1 —
(23)

Cooperative constellation optimization

For any types of modulation, the transmission rate R is
determined by the constellation size Z in R = log, Z.
Compared with the root constellation,the size of coop-
erative constellation increases from Z = L to Z = LK,
leading to the increase of transmission rate. However, as
it is well known, efficiency and reliability are two sides of
the communication, which are hardly to obtain simulta-
neously. Increase in constellation size may result in the
closer Euclidean distance among signals, which degrades
the transmission reliability. In this section, we will dis-
cuss the cooperative constellation optimization problem
to achieve the balance between the transmission rate and
symbol-error rate (SER) performance. General speaking,
some of the signals, which cause high error probabil-
ity or even detection failure, will be removed from the
signal constellation. For the ideal case, the goal of the
optimization is to minimize the overall SER given any tar-
get transmission rate fulfilled. In other words, following
optimization problem should be solved

Copt = argmin Ps
Gise (24)
st. |G| > Z,

where Ps denotes the SER, Z is the target constellation
size and | - | is the cardinality of a set. To solve this prob-
lem, one solution is the exhausting searching by testing
all the subsets and looking for the optimal one. How-
ever, it can be computationally cumbersome when |C| goes
large. Actually, based on the error probability analysis in
Section “Performance analysis’, some simple methods can
be followed in the two-cell cooperation. Consider the spe-
cial case and assume M = N = 1, from the PEP equation
in previous section, it is easy to identify that PEP is highest
in the error Pattern-II, and the lowest in error Pattern-I,
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Figure 2 Numerical results of PEP.
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which can be further confirmed in Figure 2. This indi-
cates the order of signal discarding in the process of the
constellation optimization: to avoid Pattern-II error takes
first priority, then the error Pattern-III and finally error
Pattern-1. Table 3 gives an example of signal optimiza-
tion based on the cooperative constellation presented in
Table 1, when the target constellation sizes Z are set to
3 and 2, respectively. In this example, it is obvious to see
when Z = 3 the Pattern-II pairwise error is prevented and
when Z = 2 both Patterns-II and III pairwise errors are
prevented.

After the optimization, the SER performance may be
upper-bounded in terms of PEP through the union bound
(14]

Z
1
P, = Z X;P{errorHSp <S8kl
z=

Y%

z=11(§,,...8k}#(S1,..5¢}

Pg,, sassse (29

Table 3 Two-cell cooperative constellation optimization
based on the root constellation size of 2

Index BS; BS> Copt/ Z=3 Copt, Z =2
transmits transmits

1 VT, NAL 3 WTe T} (VT@1/T01)

2 VT, VTe, AR ZRVAE SRR IVAL SPVAL 33

3 JT®, JT®, (VT V/T®)} -

Simulation results
In the section, the performance of the cooperative trans-
mission based on unitary space-time modulation will be
evaluated by using Monte Carlo simulations. Different
channel models are considered with respect to the speeds
of the mobile unit, as well as the different symbol periods.
For the root constellation construction, only the signals
which are mutually orthogonal will be selected.
Block-constant channels are first considered, which
provides the lower bounds in terms of SER performance.
Assume two-cell cooperation in which M = N = 1 and
T = 2. Figure 3 shows the results in the scenario where
the link average power from two cooperative BSs to the
mobile unit are asymmetrical, i.e. 0 = 1,05 = 0.32, cor-
responding to 0 and —5 dB of average power, respectively.
In comparison, the traditional unitary space-time mod-
ulation without cooperation is also simulated. For this
non-cooperative transmission, BS; works as the serving
BS and BS; is the neighbor BS which causes inter-cell CCI
to the mobile unit. It is seen from Figure 3 that without
cooperation, CCI becomes the dominant factor restrict-
ing the SER performance instead of AWGN, leading to
an error floor in the SER-versus-SNR curve. Meanwhile,
the cooperative transmission without optimization also
exhibits an error floor in high SNR region. This can
be explained by the fact that for the error Pattern-II
the PEP in (18) and (19) converges to certain constant
instead of zero when SNR p goes to infinite. Cooperative
transmission with constellation optimization shows great
advantage in SER performance, and 104B gain can be
achieved by further reducing constellation size Z from 3
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to 2. Besides the simulation results, the SER union bounds
computed from (25) are also plotted in Figure 3, in which
it is seen that the simulated SER are well-bounded by the
SER union bounds. When the link power levels from the
two cooperative BSs are equal, i.e. 012 = 022 = 1, same
simulation is performed as the results shown in Figure 4.
Non-cooperative case degrades in performance and has
even worse error floor due to the increase level of CCL
On the contrast, the SER performance with optimized

cooperation improves by small degrees since both BSs
transmits desired signals instead of interference. Figure 5
provides the SER results in terms of the constellation size
Z, in which the symbol period T increases to 5 and SNR
p is set to 25dB. As expected, in Figure 5 the SER per-
formance degrades as the constellation size Z increases.
Two critical points happen when Z = 5 and Z = 15, in
which the Pattern-III and Pattern-II errors are involved
respectively, leading to the sharp increasing of SER.
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The fast fading channels are considered next. Accord-
ing to the Jakes model [15], the autocorrelation function
of the fading coefficients in wireless channels can be
represented by the Oth-order Bessel function of the first
kind, i.e. Jo(27f;Tst), where Ty is the chip interval and f;
corresponds to the maximum Doppler shift which can be
further denoted by the carrier wavelength A and velocity
vas f; = 7. During the simulation, the carrier frequency

and chip rate are set to 2,400 MHz and 100 kBd, respec-
tively. SER-versus-SNR curves are plotted in Figure 6,
where the velocity of the mobile unit is assumed to be
400 km/h resulting in the correlation of 0.9992 between
two chips within one symbol when T" = 2 and 0.9876
between the first and last chips when T = 5, respec-
tively. As comparison, the results under block-constant
channels are also plotted. From Figure 6, it is seen the

I = © —=Opt, T=2,Z=8, v=400 km/h
10 °F — — —=Opt, T =2, Z=8, Block Constant Channels ®\
- P = Opt, T=5,Z =15, v =400 km/h ~e
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107 : ‘ : : ‘ ‘ ‘
0 5 10 15 20 25 30 35 40
p(dB)

Figure 6 SER-versus-SNR. Time-variant channels, v = 400km/h, 0 = 67 = 1.
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SER performance almost shows no difference as in block-
constant channels when T = 2, when T = 5, the SER
complies with the block-constant channels at the low SNR
region, however, exhibits an error floor when p increases
to 30dB. Figure 7 plots the SER curves as a function of
velocity in the case of p = 25dB. When T = 2, the SER
performance remains the same level even when the speed
increases to 1,000 km/h, and in the case of T = 5, SER
also rises modestly until v > 600 km/h.

We also extend the proposed scheme to the doubly-
selective channels, in which the unitary space-time
modulation can work as the unitary space-frequency
modulation by utilizing orthogonal frequency division
multiplexing (OFDM) [16]. In the simulation, the carrier
frequency and velocity of the mobile unit are still assumed
to be 2,400 MHz and 400 km/h, respectively. OFDM with
2048 sub-carriers is exploited and the symbol duration T
is assumed to be 0.5/7 ms, which complies with the frame
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Figure 8 SER-versus-SNR. Doubly-selective channel, 012 = 022 = 1,v = 400 km/h, OFDM with 2048 sub-carriers.
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structure of long term evolution (LTE) [17]. Figure 8 pro-
vides the SER-versus-SNR curves, in which it is seen that
the proposed scheme is still effective under the doubly-
selective channels, though suffering from the error floor
at the high SNR region which can be explained by the fact
that time selectivity causes inter-carrier-interference (ICI)
which restricts SER performance at the high-SNR region.
Besides, more receiving antennas lead to more reliable
reception, which can be confirmed from PEP expression
that larger diversity gain can be achieved when more
receiving antennas are involved.

Conclusion

This article proposed a multi-cell cooperative transmis-
sion scheme based on unitary space-time modulation.
Each cooperative BS sends an individual signal to a com-
mon mobile unit therefore the inter-cell CCI is eliminated
and the data transmission rate increases as well. Error
probability for the proposed transmission scheme is ana-
lyzed. Based on the PEP analysis, cooperative constella-
tion optimization is presented, in which by selecting the
proper constellation subset, the overall SER is reduced.
Simulation results confirm the effectiveness of the pro-
posed transmission scheme in both block-constant chan-
nels, fast fading channels and doubly-selective channels.
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