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Abstract— Multiple-Input Multiple-Output (MIMO) systems
are very sensitive to carrier phase offset. In this paper, challenges
regarding the provision of phase offset in orthogonal space time
block codes (STBC) coded MIMO systems over Rayleigh fading
channels are addressed. We develop a novel robust phase offsets
estimation algorithm for MIMO systems based on STBC codes.
Simulation results prove that the proposed phase offsets
synchronizer provides accurate estimation.
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L INTRODUCTION

In recent years, multiple antenna schemes have sparked
wide interest and they are widely used in diverse
communication systems due to their high spectral efficiency
[1]. STBC coding has been well known as one powerful
technique used in MIMO schemes to mitigate the impairments
of wireless fading by exploiting both time and antenna
diversity. These codes were extensively investigated. More
specifically, STBC using coherent detection was proposed in
[2, 3]; differential detection for STBC was proposed in [4, 5].

In the literature, some works in STBC coding assume
perfect phase synchronization. Unfortunately, in practice, such
an assumption is rarely valid in the presence of noise. Carrier
phase recovery is surely crucial for MIMO schemes under
STBC coding [6]. Indeed, the phase offset causes significant
performance degradation. To circumvent this critical weakness,
a phase synchronization technique can be applied in order to
acquire the actual phase offset. Therefore, accurate and
efficient phase estimation plays a key role in multiple antennas
communication systems. Then, a proper estimation technique is
needed to preserve the remarkable performance of MIMO
schemes in presence of imperfect phase synchronization. In
addressing the issue of phase synchronization, several
algorithms have been introduced to estimate the phase offset
and to study the Cramér—Rao lower bound (CRLB) in Single-
Input Single-Output (SISO) systems [7]. However, these
results are not directly applied to MIMO systems, where
signals at each receive antenna are affected by a phase offset.
Indeed, in these communications systems, the phase offset at
each receive antenna consists of a multiplicative term that
generates a rotation of the symbols and erroneous detection. In
[8], studies of the effect of phase noise on the capacity of
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MIMO channels have shown that phase offsets may
significantly limit the performance of these systems. Therefore,
a phase synchronizer is required at the receive side.

Recently, phase estimation algorithm in multiple antenna
systems are expanding. The authors in [9] proposed a joint
supervised channel and phase noise estimation method for
MIMO systems. Moreover, estimation techniques of phase
offsets in MIMO system have been proposed with a perfect
knowledge of the MIMO channel coefficients in many
researches [10]-[11]. In this context, an algorithm based on the
EM (Expectation Maximization) algorithm was applied [10]
for the signal detection in the presence of phase noise. In
addition, the authors in [11] have considered a Wiener filter
approach to estimate the parameters of phase noise in MIMO
systems. Assuming a perfect parameter estimation of the
MIMO channel, a semi-blind frequency synchronization
algorithm [12] has been established for the STBC-OFDM
(Orthogonal Frequency Division Multiplexing) systems. The
purpose of our recent work in [6] was to compensate the phase
offsets in multiple antenna systems by using an efficient
differential detection [5] without any channel state information
(CSD).

To achieve accurate synchronization in MIMO systems
without any resort neither to long pilot-symbol sequence [2]
nor to complex differential mechanisms such as in [13], blind
estimator can be used to recover the carrier-phase offset. In the
context of blind phase synchronization, in our previous work in
[14], we are particularly devoted to the development of new
technique blind carrier phase recovery for SISO systems,
particularly for 2m/M rotationally symmetric constellations.
This phase synchronization algorithm provides good
performance over competitive estimators. Due its effectiveness
and its good performance, we propose in this paper an
extension of this phase estimator for STBC coded MIMO
systems. In this work, we propose a low-complexity blind
carrier phase recovery algorithm suited for multiple antenna
schemes based on STBC coding, equipped by two transmit
antennas and multiple receive antennas. The phase estimation
method is based on a special phase metric that exhibits an
absolute minimum at the carrier phase offset. This novel phase
synchronizer depends on the rotational invariance of the
constellation and the transmit antennas number. Simulation
results demonstrate the reliability of the proposed blind phase



estimator and its robustness against wide carrier phase offset
range.

This paper is organized as follows. In second section, the
proposed system is described in the presence of carrier phase
offset over fading channels. Section 3 presents the proposed
phase synchronizer derived for STBC coded MIMO schemes.
The performance analysis and computer simulation results are
given in Section 4, and the conclusions are drawn in Section 5.

II.  SYSTEM MODEL

We consider a MIMO system based on STBC code with
two transmit and Ny receive antennas as shown in Fig. 1. We
consider here a MIMO channel, H, assumed to be quasi-static
fading channel, and known at the receiver side. In this paper,
the main focus is on tracking the phase offsets introduced at the
receive antennas. Our blind estimation method consists of the
extension of our phase offset synchronizer previously proposed
for the SISO channels in our work in [14].
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Fig.1. MIMO-STBC System with phase offset

The vector of discrete-time baseband received signal at the
receiver side at time t, is given by:

Y, = AH.C(Sp) + 1, (1)

Where

o A=[e#%,eif%  e/r] with j=+—1 and 6,
(k=1,..,Ng) is random phase offset at the k"
receive antenna. It is assumed to be constant over
codeword period.

e H isthe Ny X Ny channel matrix, Ny is assumed equal
to 2 in this paper.

e 1, denotes the zero-mean complex additive white
Gaussian noise at the receive antenna, i.e.
n¢ ~ CN(0,02), where 62 is the noise variance.

o S; = (S1t S2¢) is the symbol vector transmitted from
the two transmit antennas at time t. Each data symbol
belongs to the M-PSK constellation, denoted by A4,

where M = 2b.
e The STBC coding matrix is given by:
Sit Sat
C S = [ '* *‘ ] 2
6= |5, st @)

At each receive antenna, a blind phase estimation algorithm
is applied to estimate the phase offsets. The phase estimators
are followed by the STBC decoder that assumes perfect
knowledge of MIMO complex gains. Indeed, we are concerned
here only with the phase synchronization. The matrix of the
MIMO channel can be estimated by a supervised method.

III. BLIND PHASE OFFSET ESTIMATION ALGORITHM

A. Phase Estimation Metric

For simplicity, we consider, in this section, only one
receive antenna. We denote h; and h, the channel coefficients.
N1+ and 71, . are noise samples at time t. In the presence of
phase offset 6;, the received signals in the first and second
instants are given by:

_ 0
Tt = (hySye + hpSy)e?™ + 1y,

_ . Ny 3)

o = (—hiSze + hasi)e?™t + 1y,
Without loss of generality, the 8-PSK modulation is considered
hereafter. Then, the transmitted samples at time ¢, {si,t; i=
1,2} belong to the 8-PSK constellation that is n/4-rotationally
symmetric. Since the phase error is the same for both ;. and
Ty, signals, it is enough to estimate the phase offset using the
set of signals {Tl,t}'

Since our phase synchronization algorithm is based on the
principle of phase rotation invariance, it is essential to prove
that the signals X = {h151,t + hzsz,t} have an angle of phase
rotation invariance. Otherwise, it suffices to prove this
condition for all s, = {hlsu} since X is a linear combination
of two terms of the same type. Indeed, every element of the set
S, can be written as s, = h;s;,;, Where h; is a random
variable expressed by h; = |h;|e??. Each 8-PSK symbol is
denoted by: s = e/?*™/M where M = 8 and k = {0,1, ...,7}.
Then, we obtain:

arg(sm) = arg(hss)
= arg(lhy|e??e? /%)
=@+ kn/4 @)

This implies: kmn/4 = arg(s,) — Py
Applying now modulo n/4 at the two sides, this implies:

(arg(sy) — ¢).mod(n/4) =0 (5)
Then, we obtain:

arg(sy) = . mod(n/4) + /4 ; § € L (6)

Therefore, the set {s,,} is n/4-rotationally symmetric. Then, X
is also m/4-rotationally invariant. This result is also proved by
simulations in Fig. 2 that shows four possible cases of the new
constellation with random values of MIMO channel
coefficients. Consequently, the random phase offset 8, is
recovered within a modulo /4 phase ambiguity. Without loss
of generality, we assume that the unknown phase offset 8, lies
in [0,7/4).

In order to estimate the phase offset, we use the phase-metric
M (6) introduced in [14] for SISO systems:

M) = YN_, min, ECST”r,\,le_"a - a||2 @)

Where N denotes the number of observed samples {a} runs
through the new constellation X = {h151,t + hzsz,t} denoted by
Csr composed by 64 symbols and 8 is an eligible phase within
the investigation interval [0, /4).



The same case of SISO system, for each receive antenna, the
detector picks the particular angle 8; within I, that minimizes
the phase-metric. The set I; given by (8) is composed by
(n — 1) discrete phases uniformly distributed in [0,77/4). N
should be suitably chosen so that the observed sample set
involves all channel signals with equal probability.

h={6,=pZi1<p<(n-1)} ®)

In order to measure the performance of the phase-metric
(3), we consider a finite set of n discrete phases uniformly
distributed in the interval I;. As shown in Fig. 3, the phase
metric M (0) defined in (7) has a unique minimum for the new
constellation where the phase error is chosen equal to 8, = 15°
and the SNR is 26 dB. The number of observation samples, N,
is 500. In addition, the number of discrete phases n is chosen
equal to 50. These results confirm that the minimum one is
obtained near to 6,. Therefore, the proposed phase estimator
suitable for MIMO systems is unbiased.
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Fig.2. Examples of the novel consellation X
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Fig.3. Phase Metric, 8, = 15% SNR =26dB; Ny =2; Ny =1

B. Phase estimator and its standard deviation

Assuming one receive antenna, our blind phase estimator
stars by picking up the particular angle 05 (1 <p < (n — 1))
within [; that minimizes the phase-metric according to the
following equation:

05 = argmingpe,1 (M(Hp)) )

After the first stage, better estimation precision of the phase
offset 1is achieved at the second stage by limiting the search to
the subinterval [(p — 1)m/4, (p + 1)m/4) only. Thus, the new
set of discrete phases is uniformly distributed in the subinterval
given by:

L={6,=G-1DZ +q

Note that in the second stage, the same phase-metric is also
used but in the subinterval I,. Therefore, the phase offset is
estimated according to the following equation:

0, = argmingqe,z(M(Bq)) (11)

The performance of our phase estimator based on two stage
is studied here by considering the new constellation, X =
{h151,t + h, Sz,t}, having an angle of invariance phase rotation
7 /4. Simulation results in Fig. 4 show the standard deviation
of our phase estimator adapted to the MIMO channels for
quasi-static Rayleigh. The considered STBC coded MIMO
system is equipped by two transmit antennas and one receive
antenna. The phase offset is randomly chosen in the range
[0,7/4). The number of samples N is selected equal to 160.
We note that if the number of discrete phases n increases, the
performance of the phase estimation method become best at a
price of increased computational complexity.

T

2n2’

0<q<n (10)
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Fig.4. Standard Deviation of the novel phase synchronizer, N=160.

C. Phase estimation algorithm applied to STBC coded MIMO

In this subsection, our blind phase estimation algorithm
proposed for MIMO systems based on Alamouti STBC code is
studied assuming a single receiver antenna. For MIMO systems
equipped by Ny receive antennas, the last phase estimation
technique is repeated Ny times. Alternatively, in multi-antenna
systems, N phase estimators are used to compensate for Ny



phase offsets. At each receiving antenna, the proposed
synchronization algorithm is the blind phase estimator, inspired
from the phase synchronizer designed for SISO systems.
Notice that the novel algorithm is followed by a modified
phase metric update unit.

The proposed algorithm is the two-stage estimator defined
in subsection B followed by phase metric updating unit. In the
output of the second stage, the estimator does not record the
discrete phase 8, € I, that minimizes the phase metric given
by (8), but records only the minimal metric value, denoted by

¢:
(= mineqelz{Mt=NT(€q)} (12)

Where T is the modulation interval that is considered as
perfectly known at the receiver side. This phase metric is
updated continuously. Therefore, the computation of
successive phase metrics {Q(Bq)} for each discrete phase 6, in
I, starts at time t = (N + 1)T. The phase metric is recursively
updated in the next time steps until t= (N + B)T
corresponding to B received samples that follow the received
symbols used in the two stage. For (N +1) <i < (N + B),
the phase metric can be expressed as follows:

Qiir(6,) =0+ Zﬁ;:(zvu) Br=wr(6q) (13)
Where Broyr(0,) = Mingecg, ||[rve % — a||2.

At each step t =iT, (N+1) <i < (N +B), we note the
carrier phase by:

b, = argming, ;,{2:(6,)} (14)

Thus, the set of estimated phases for (N + B) 8-PSK received
samples is given by:

¥ ={Bwspr, ;1 <1< B} (15)

The detector records the number of occurrence of each
discrete phase §(N+1)Ts that minimizes the phase metric during
the interval [(N + 1)T, (N + B)T]. The particular phase with
the highest probability in the set ¥ is the optimal estimate of
the phase.

After the step of estimating the phase offset 6, the received
signals {H,t} and {Tz,t} are multiplied by e 91, Finally, the
STBC decoder is applied with a perfect knowledge of the
MIMO channel coefficients. This phase estimation algorithm
remains valid for multi-antenna systems based on orthogonal
STBC coding and also for other types of constellations, but
with a modification in the metric phase M(8). Also the
complexity of this method of synchronization slightly increases
with the number of transmit antennas, Ny.

IV. RESULTS

In this section, we present the proposed coherent system
performance in terms of FER (Frame Error Rate). In all
simulations, only the 8-PSK modulation is considered. Two
cases of Alamouti STBC coding are considered: one and two

receive antennas. The Rayleigh flat fading MIMO channel is
assumed to be constant for each size of data frame 130 symbols
and varies from one frame to another. At each receive antenna,
the received signals associated with the first period of STBC
code word are used to blind estimation of the phase error is
assumed to be constant on the data frame. Thus, the blind
estimator described in section 3 is applied using the phase
metric given by (7). Finally, the STBC decoder is applied to
the received signals and compensated for phase offsets with a
perfect knowledge of MIMO channel coefficients.

To evaluate the performance of our phase synchronization
algorithm on MIMO systems, we proceed by comparing the
performance in terms of FER our system with that of the ideal
case. In Fig. 5, we present the FER as a function of signal-to-
noise ratio (SNR), of the new proposed MIMO systems.

These curves show that the performance of the proposed
coherent schemes is nearly to 0.5 dB loss compared to ideal
systems.
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Fig.5. FER performance of STBC coded MIMO with phase estimation

V. CONCLUSION

In this contribution, we have studied the effect of carrier
phase offsets on the performance of STBC coded MIMO
systems equipped by two transmit antennas and Ny receive
antennas. To overcome this drawback, we investigate a blind
carrier phase estimation algorithm based on a special phase
metric. By comparison to the perfectly synchronized schemes,
the proposed coherent STBC coded MIMO systems introduce
negligible performance loss. Furthermore, the proposed blind
estimation method stands applicable for massive MIMO
systems.
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