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Abstract—In this paper, we develop and analyze a distributed
co-phasing technique for physical layer fusion of common data
across a wireless sensor network using multi stream commu-
nication, when the fusion center (FC) is equipped with multiple
receive antennas. In this two-phase scheme, sensors first estimate
their respective channels to the FC antennas by using pilots
transmitted by the FC; following which they simultaneously
transmit multiple streams of data symbols by pre-rotating them
according to the estimated channel phases to the different receive
antennas. The mutual information between transmit nodes and
the FC is presented, which helps to quantify the gains obtainable
by multi stream communication. In order to aid data detection
at the receiver, we propose an iterative blind channel estimation
algorithm at the FC. It is found using simulations that the
proposed blind channel estimation algorithm achieves a symbol
error probability (SEP) close to that with perfect channel state
information (CSI) at the FC. The SEP of the proposed scheme is
theoretically analyzed. The system performance is evaluated via
numerical simulation and is observed to be in close agreement
with the derived expressions.

Index Terms—Distributed co-phasing, data fusion, MIMO,
blind channel estimation

I. INTRODUCTION

Distributed co-phasing (DCP) is a technique to achieve
distributed transmit beam-forming (DTB) when multiple sen-
sor nodes need to communicate common data to a fusion
center (FC) in a wireless sensor network [1]–[4]. Under this
scheme, the sensor nodes use the channel estimates obtained
from an initial downlink training phase to pre-rotate the data to
achieve coherent combining at the FC. This technique exploits
the reciprocity of the channels between the sensors and the
FC [5]–[7]. The performance of DCP with a single antenna
FC has been well studied in the literature [6], [7]. In this
contribution, we focus on the case of the FC having multiple
receive antennas, and our goal is to increase the effective
transmission rate from the sensors to the FC via distributed
spatial multiplexing.

The problem of coherent communication from multiple dis-
tributed antennas to a destination was first studied in [1], where
a master slave architecture was proposed to synchronize the
clocks of the distributed antennas. Following this, a cross layer
approach for distributed beamforming was discussed in [8].

R. Chopra and C. R. Murthy are with the Indian Institute of Science,
Bangalore, India. R. Annavajjala is with the Charles Stark Draper Laboratory,
Cambridge, MA, USA. Emails: ribhu@outlook.com, cmurthy1@gmail.com,
ramesh.annavajjala@gmail.com.

This work was financially supported in part by a research grant from the
Indo French Centre for the Promotion of Advanced Research (IFCPAR).

978-1-5090-1749-2/16/$31.00 c⃝ 2016 IEEE

Carrier phase synchronization for DCP systems was studied
in [2], [9]. Reference [6] compares the performance of DCP
against some other co-phasing schemes viz. maximum ratio
transmission, censored transmission and truncated channel
inversion. The constant modulus constellation model of [6]
is extended to non-constant modulus constellations in [7], and
it is shown that higher order constellations can increase the
mutual information per channel use. All these works study
DCP with a single antenna at the FC, but these methods do
not extend to the multiple antenna FC case. This is because,
when the signals are pre-rotated to coherently combine at a
given antenna, they would arrive at different phase angles at
the other antennas, which leads to significant self-interference.

In this paper, we propose and analyze multi-stream DCP,
where the nodes transmit multiple independent data streams
with each stream co-phased to coherently combine at a differ-
ent antenna. The major contributions of this work are:

∙ We derive the statistics of the effective multiple input
multiple output (MIMO) channel matrix entries arising
due to multi-stream DCP with multiple receive antennas
at the FC. This is a significant departure from single-
antenna DCP, where the effective DCP channel is a single
input single output (SISO) channel.

∙ We compare the information rates achievable by multi-
stream DCP against single-stream DCP. The gains ob-
served further motivate the need to study the design and
analysis of DCP based schemes when the FC is equipped
with multiple receive antennas.

∙ We develop a novel iterative algorithm for blind channel
estimation at the FC.

∙ We study the impact of imperfect channel estimation at
the sensor nodes by analyzing the symbol error probabil-
ity (SEP) for the proposed multi-antenna DCP system.

∙ Via detailed simulations, we prescribe the recommended
system parameters such as the data and pilot SNRs, the
number of receive antennas at the FC, and the number of
sensor nodes to achieve a desired rate and reliability.

Therefore, multi-stream DCP along with the proposed blind
channel estimation algorithm is a strong candidate for reliable
and energy efficient data fusion in WSNs.

II. SYSTEM MODEL

We consider ! distributed sensors that wish to transmit
common data to an FC with " antennas for reception. It is
assumed that the channels between the FC antennas and the
nodes are reciprocal [6]. Note that, with the proposed DCP



scheme, coherent combining at the FC can be achieved only
if the channels exhibit reciprocity.

In DCP, communication between the sensors and the FC
takes place in two time division duplexed stages. In the first
stage, each of the " antennas of the FC broadcast #! pilot
symbols in a round robin fashion. These pilots are used by
the ! sensor nodes to estimate the coefficients of the !"
channels between themselves and the FC antennas. In the
second stage, all the sensing nodes simultaneously transmit
their common data to the FC for the next #" channel
uses. It is assumed that the channel coherence time exceeds
# = "#! +#" symbols and that the channels are recipro-
cal [2], [10]. In addition, it is assumed that the sensing nodes
are carrier and frequency synchronized. It has been noted
in [10] that the phase of such a system once synchronized
remains in sync for durations much longer than the channel
coherence time, and therefore the cost of synchronization is
not considered in this work. The signal received by the $th
sensor during channel uses [(% − 1)#! + 1, %#!] can be
written as

'#,%[(] = )%,#*
&'!,#

√
ℰ! + +#[(]

( ∈ [(% − 1)#! + 1, %#!)] (1)

where ℰ( is the pilot power from the %th FC antenna, )%,#

is the Rayleigh distributed channel gain with Ω ≜ ,[∣)%,#∣2],
-%,# is the uniformly distributed channel phase between the
%th FC antenna and the $th sensor node, and +#[(] is the
zero mean additive white Gaussian noise (AWGN) with per
dimension variance )0

2 . Note that we consider identically
distributed (i.i.d.) channel gains for simplicity of presentation.

The maximum likelihood (ML) estimate of the phase of the
%th FC antenna at the $th sensor is given by [6]

-̂%,# = tan−1

⎛

⎝
∑%*$

+=(%−1)*$+1 ℑ{'#,%[(]}
∑%*$

+=(%−1)*$+1 ℜ{'#,%[(]}

⎞

⎠ (2)

where ℜ{.} and ℑ{.} denote the real and imaginary parts of
a complex number, respectively. After estimating the channel
phases for each of the " antennas, sensor $ transmits /#[(],
such that

/#[(] =
,∑

-=1

0-[(]*
−&'̂!,# ( = "#! + 1, . . . ,#, (3)

where 0-[(] is the (th modulation symbol over the 1th stream,
assumed to be the same for all the transmitting nodes, and
independent across the streams. The transmit power of each
node is assumed to be ℰ., such that,

ℰ. = ,[∣/#[(]∣2] = ",[∣0-[(]∣2]. (4)

The second equality arises from the assumption that all the
streams are allotted the same amount of power. During the

uplink stage, the received signal on %th antenna at the FC is

'%[(] =
)∑

#=1

)%,#*
&'!,#/#[(] + 2%[(], ( = "#! + 1, . . . ,#

=
,∑

-=1

ℎ%,-0-[(] + 2%[(], (5)

where 2%[(] is the AWGN at the %th FC antenna with a per
dimension variance )0

2 , and

ℎ%,- =
)∑

#=1

)%,# exp
(
4
[
-%,# − -̂-,#

])
(6)

is the effective channel between the 1th data stream from the !
nodes to the %th antenna at the FC. Note that ℎ%,- is unknown
to the fusion center. Equivalently, the received data signal
across all the antennas can be written as

y[(] = Hs[(] + ![(], (7)

with y[(] = ['1[(] '2[(] . . . ', [(]]/ , s[(] =
[01[(] 02[(] . . . 0, [(]]/ , and H ∈ ),×, , with its (%, 1)th
element ℎ%,- as defined above.

At finite pilot SNR, the phase estimate -̂%,# is imperfect. The
error in the phase estimate between the %th FC antenna and
the $th sensor node is -̃%,# = -̂%,#−-%,#. In this case, for a given
downlink pilot SNR 5 = ℰ$

)0
, the diagonal entries of the chan-

nel matrix can be written as ℎ%% =
∑)

#=1 )%,# exp(−4-̃%,#).
It can be shown that [7]

,[ℎ%%] = !

√
Ω6

4

√
Ω5

1 + Ω5
. (8)

Also, from [7],

,[∣ℎ%%∣2] = !Ω

(
1 + (! − 1)

6

4

Ω5

1 + Ω5

)
. (9)

Similarly, for the off-diagonal terms, it can be shown that

,[ℎ%,-] =
)∑

#=1

,[)%,# exp(4(-%,# − -̂-,#))] = 0 (10)

and

278(ℎ%,-) = !,[)2
%,#] = !Ω. (11)

III. INFORMATION RATES OF MULTI-STREAM DCP

In this section, we use the MI between the sensor nodes
and the fusion center to quantify the potential gains in data
rates that can be achieved by using multi stream DCP. If the
symbol constellation for a single stream is given as * , then
the overall symbol constellation for " antennas is *, with
each symbol having a probability mass 1

∣&% ∣ . The MI of the
system model discussed above can be evaluated with perfect,
erroneous, or no channel knowledge at the FC as follows [11]:



∙ With perfect CSI at the FC

9CSI(y; s)=,H

[
∑

s∈&%

1

∣*, ∣

∫

y∈(K

:(y∣H, s)

log
:(y∣H, s)

:(y∣H)
;y

]
(12)

where ), is the " dimensional complex field, and ,H

represents the expectation over the distribution of the
effective channel matrix. Due to the additive nature of
noise, :(y∣H, s) is a " dimensional circularly symmetric
complex Gaussian with mean Hs and a per dimension
variance )0

2 . Also, :(y∣H) =
∑

s∈&%
1

∣&% ∣:(y∣H, s),
because all the symbols in the constellation are equi-
probable.

∙ With erroneous CSI at the FC

9est-CSI(y; s)=,Ĥ

[
∑

s∈&%

1

∣*, ∣

∫

y∈(K

:(y∣Ĥ, s)

log
:(y∣Ĥ, s)

:(y∣Ĥ)
;y

]
. (13)

Here, Ĥ is the channel estimate at the FC, such that
Ĥ = H + H̃, with H̃ being the channel estimation
error. In general, with linear estimation of the channel
using known training samples, the estimation error is
complex Gaussian distributed with variance depending on
the training signal SNR. Then, :(y∣Ĥ, s) is zero mean
circularly symmetric complex Gaussian, and :(y∣Ĥ) =∑

s∈&%
1

∣&% ∣:(y∣Ĥ, s) .
∙ With no CSI

9no-CSI(y; s)=
∑

s∈&%

1

∣*, ∣

∫

0∈(%

:(y∣s) log :(y∣s)
:(y)

;y (14)

where :(y∣s) = ,H[:(y∣H, s)], and :(y) =∑
s∈&%

1
∣&!∣:(y∣s).

Closed form expressions for the above are hard to obtain, we
therefore evaluate the expectations in the above expressions
using Monte Carlo simulations.

Figure 1 plots the MI between 10 transmitting nodes and
an FC for different transmit constellations and number of FC
antennas as a function of the transmit SNR per sensor (in
dB). The average downlink pilot SNRs for all these cases
was assumed to be 10 dB. It can be seen that an increase
in the number of antennas as well as in the constellation
order results in improved information rates. Also, the use of
larger constellations and a greater number of receive antennas
improves the system performance when the CSI is imperfectly
known or even unknown at the FC. This motivates us to
develop blind channel estimation techniques to recover both
transmitted symbols and CSI at the FC to improve data
detection performance at the FC without explicitly transmitting
known pilot symbols from the power-starved sensor nodes
to jointly estimate the effective DCP channel and detect the
unknown data symbols at the FC.
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Figure 1. Comparison of mutual information for DCP with different amounts
of channel knowledge at the FC for different constellations and different
number of receive antennas (!) for " = 10 sensor nodes.

IV. BLIND CHANNEL ESTIMATION TECHNIQUES

In order to employ techniques such as ML detection or
sphere decoding on the received signal, we need an estimate
of the matrix channel H at the FC. We therefore propose
two techniques to estimate the channel blindly from the data
received at the fusion center.

A. Covariance Method

The covariance matrix of the received signal for a given
realization of H can be written as

,[yy1 ∣H] = H,[ss1 ]H1 +!0I, , (15)

where I, is the " × " identity matrix and the superscript
< denotes the hermitian operator. Since the noise variance is
known, hence using #" received data symbols, we can define,

R̂00 =
1

#"

*∑

+=,*$+1

y[(]y1 [(]−!0I, , (16)

such that,
,[R̂00] = H,[ss1 ]H1 . (17)

Using the eigenvalue decomposition of R̂00 , the effective
DCP channel can be estimated as

Ĥ = Q̂0Λ̂
1/2

0 Q̂1
0 (Q.Λ

1/2
. Q1

. )−1 (18)

where Q̂0 and Λ̂0 are, respectively, the eigenvector and eigen-
value matrices of R̂00 , and Q. and Λ. are the eigenvector
and eigenvalue matrices of the transmitted signal covariance
matrix ,[ss1 ]. These can be obtained at the FC using the
statistical properties of the constellation being used. From
(6), when the phase estimation errors are small, the diagonal
entries of the effective DCP matrix are real and positive with
high probability, therefore, only the real, positive square roots



of the eigenvalues of R̂00 and ,[ss1 ] are considered for
estimating Ĥ.

B. Iterative Minimization Based Blind Channel Estimation

Here, we present a iterative minimization algorithm that
works when the FC has multiple receive antennas. The joint
ML estimate of the effective DCP channel and the transmitted
data can be written as

(Ĥ, Ŝ) = argmin
H,S

∥Y −HS∥3 (19)

where the matrices Y and S are defined as Y = [y["#! +
1] . . .y[# ]] and S = [s["#! + 1] . . . s[# ]], and ∥.∥3 repre-
sents the Frobenius norm of a matrix. Since the data and the
channel matrices are independent, the above expression can be
minimized iteratively with respect to each of these variables
while keeping the other constant. This problem can therefore
be written as

Ŝ = arg min
S∈&%

∥Y − ĤS∥3 (20)

Ĥ = arg min
H∈(%×%

∥Y −HŜ∥3 . (21)

Equation (20) can be viewed as a symbol detection problem
for a MIMO receiver for a given channel matrix Ĥ. This
can be solved via a search over the constellation *, or in
a computationally efficient manner via sphere decoding [12].
To find a minimizer for equation (21), we observe that the
objective function is a convex function in H. Differentiating
it w.r.t. H, setting the derivative to zero and solving, we obtain,

Ĥ = YŜ† (22)

where the superscript † represents the Moore-Penrose inverse
of a matrix. The value of Ĥ obtained in (18) could act as a
reasonable initial estimate of H to solve (20). Following this,
(21) and (20) can be solved iteratively to obtain estimates of
the channel matrix as well as the transmitted symbols.

V. ERROR PROBABILITY ANALYSIS

In this section, we analyze the SEP of the multi-stream
DCP system. In the following, we drop the time index [(]
for simplicity of notation, since the noise is stationary and the
channel is i.i.d. block-fading.

For the received signal y, defined as y = Hs + v, a
pairwise error probability (PEP) expression can be obtained
for a given realization of the channel matrix H. However,
the exact expressions for probability of error can only be
obtained by averaging the PEP over all realizations of H,
which becomes analytically intractable. Therefore, we derive
approximate expressions for the error probability performance
of the proposed system. When the number of transmitting
nodes is large, the off diagonal terms of the effective channel
matrix H will be negligibly small as compared to the diagonal
entries and hence the channel matrix can be approximated
as diagonal. Consequently, the signals received at different
antennas can be decoded independently. The signal received
over the %th data stream can be expressed as '% = ℎ%%0%+2%.

Note that the blind channel estimation and data detection
algorithm is predicated on the diagonal entries of the effective
DCP channel being real and positive. If, due to channel esti-
mation errors at the individual nodes, the phase of ℎ%% exceeds
half the rotational symmetry of the constellation, catastrophic
detection errors would result because of the phase ambiguity at
the FC. This phenomenon is referred to as channel corruption,
see [7] for a detailed discussion. In the event of channel
corruption, the SEP tends to 1 due to the catastrophic data
detection errors [7]. The probability of channel corruption
for the %th stream is defined as =4,% = Pr

{
∣∡ℎ%%∣ ≥ 5

2

}
,

where ∡ℎ%% denotes the phase angle of the complex channel
coefficient ℎ%%, and > is the rotational symmetry of the
constellation * . Precise analytical expressions for =4,% have
been derived in [7] for the single antenna FC case. These
expressions are valid in the multi-antenna FC case also, under
the assumption on the off-diagonal terms mentioned above.

It is clear that a symbol error could be caused either by
channel corruption or due to the additive noise and channel
fading. The probability of error is therefore approximated as

=6,% = =4,% + (1− =4,%)=6,CSIR,%, (23)

where =6,CSIR,% is the SEP in the absence of channel corrup-
tion, and can be expressed for a BPSK constellation as

=6,CSIR,% = ,

[
?

(
∣ℎ%%∣

√
2ℰ.
"!0

)]
(24)

with ?(.) being the Gaussian-Q function. The above expecta-
tion is over ∣ℎ%%∣ whose distribution is not available in closed
form. However, similar to the approach followed in [7] we
approximate ℎ%% =

∑)
#=1 )%,# as a Nakagami-m distributed

random variable (r.v.) with its parameters @7 and Ā7 chosen
using the moment matching method as [7]

@7 =

⌈
,2[∣ℎ%%∣2]
var(∣ℎ%%∣2)

⌋
(25)

Ā7 =
2ℰ.
"!0

,[∣ℎ%%∣2]. (26)

In the above, the Nakagami parameter @7 is rounded (denoted
by ⌈.⌋) to the nearest integer. Using the results derived in
Section II and [7], =6,CSIR,% can now be obtained in closed
form as

=6,CSIR,% =
>(Ā7,@7)

2
√
6

Γ(@7 + 1)

Γ(@7 + 1
2 )

(27)

2B1

(
1,@7 + 1;@7 +

1

2
;

2@7

2@7 + Ā7

)
,

where >(A,@7) = (1 + 8
29&

)−9& ×
√

8
29&+8 , Γ(() is the

gamma function, and 2B1(7, C; D; ;) is the Gauss hypergeomet-
ric function [13].

Here, since the data, noise, and channel coefficients across
different streams are assumed to be independent, therefore the
events of occurrence of errors across these streams will also
be independent. Now, an error occurs in the vector symbol if
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Figure 2. Probability of symbol error vs. the data SNR with 2 and 3 stream
BPSK for 10 sensor nodes at a pilot SNR = 10 dB.

the symbol transmitted on any of the streams is decoded in
error. Hence, the overall SEP, =6, becomes

=6 = 1−
,∏

%=1

(1− =6,%). (28)

VI. SIMULATION RESULTS

In this section, the performance of the system under con-
sideration is evaluated using Monte Carlo simulations. Similar
to [7], we assume that 10 training symbols are sent from each
FC antenna to the sensors followed by 1000 data symbols
from the sensors to the FC using DCP based on the estimated
channel phase. The complex baseband channels between the
sensors and the FC are modeled as circularly symmetric Gaus-
sian distributed with zero mean and unit variance. Simulations
are then carried out for different values of pilot and data SNRs,
different numbers of sensor nodes and data streams, etc. The
probabilities of symbol error are obtained by averaging over
10000 independent channel instantiations.

In Fig. 2, the performance of the proposed blind estimation
based multi-stream system is compared against that of the
covariance method based channel estimation, ideal DCP, and
the derived theoretical approximations for BPSK with 1, 2 and
4 antennas at the FC. It is observed that pilot aided DCP with
blind channel estimation at the FC performs close to ideal DCP
with perfect CSI at the FC. This is also found to be in close
agreement with the derived approximations. For " = 4 and at
an error rate of 10−3, the blind channel estimation algorithm
performs nearly 3 dB better than the covariance method based
channel estimation algorithm. Note that the data transmission
rate is 2" bits per channel use, so that the SEP curves for
different " correspond to different data transmission rates.

Figure 3 compares the performance of a BPSK based system
with three antennas at the FC, for different number of sensors.
The performance of the blind channel estimation based system

-20 -10 0 10
Uplink SNR(dB)

10-6

10-4

10-2

100

P
e

N=5
N=10
N=15
N=20

Line: Perfect CSI-FC
Marker: Bilndly
            Estimated CS-FC

Figure 3. Probability of symbol error vs. the data SNR for 3 FC antennas
employing BPSK at pilot SNR = 10dB for different number of sensor nodes.
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Figure 4. Probability of symbol error vs. the data SNR for 3 FC antennas
with QPSK and 10 sensor nodes at different pilot SNRs.

is again found to be close to the perfect CSI case. Also,
increasing the number of sensor nodes from 5 to 20 results
in an uplink SNR gain of approximately 12 dB at an error
rate of 10−3. This is due to the coherent combining gain.

The performance of the proposed blind estimation system is
compared against the case with perfect CSI at the sensor nodes
for different values of the pilot SNR (5) in Fig. 4. The plot
shows that the performance of the blind channel estimation
based system approaches the performance of a system with
perfect CSI at the sensor nodes with increasing pilot SNR.
Also, an error floor is observed at lower pilot SNRs even
at high data SNRs. This is due to the larger channel phase
estimation errors at the sensor nodes, leading to an increased
probability of channel corruption.



VII. CONCLUSIONS

In this work, we showed that using multiple antennas at
the FC improves the mutual information of a DCP based sys-
tem. Following this, we developed an iterative blind channel
estimation algorithm to estimate the effective DCP channel
matrix. We analyzed the SEP performance of the system in
the presence of perfect and imperfect channel knowledge at
the FC. We then used simulation results to evaluate the per-
formance of the proposed multi-stream DCP protocol. It was
shown that the proposed blind channel estimation algorithm
can perform almost as good as a detector with perfect CSI at
the FC. Future work could consider the design and analysis
of diversity reception techniques for the proposed system.
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