
4634 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 59, NO. 9, NOVEMBER 2010

[13] I. Kim, S. Park, D. J. Love, and S. Kim, “Partial channel state infor-
mation unitary precoding and codebook design for MIMO broadcast
systems,” in Proc. IEEE Globecom, Washington, DC, Nov. 2007,
pp. 1607–1611.

[14] Y. Kim, K. Song, R. Narasimhan, and J. M. Cioffi, “Single user random
beamforming in Gaussian MIMO broadcast channels,” in Proc. IEEE
ICC, Seoul, Korea, May 2005, pp. 2695–2699.

[15] M. Arkawa, Computational Workloads for Commonly Used Signal
Processing Kernels. Lexington, MA: Massachusetts Inst. Technol.,
Lincoln Lab., 2006.

A Minimum-Complexity High-Performance Channel
Estimator for MIMO-OFDM Communications

Tingting Liu, Mao Wang, Yan Liang, Feng Shu, Jianxin Wang,
Weixin Sheng, and Qian Chen

Abstract—Channel estimation is critical to the performance of a
multiple-input multiple-output and orthogonal frequency-division-
multiplexing (MIMO-OFDM) communication system. Current MIMO-
OFDM channel estimation techniques suffer from either high complexity
or poor performance. In fact, this issue has become one of the bottlenecks
of a practical MIMO-OFDM system. This paper solves the problem
by introducing a new technique that has minimum complexity and yet
provides superior channel tracking performance close to a minimum mean
square error (MMSE) estimate over a wide range of channel selectivity
and noise variance. The performance was evaluated via numerical
simulations.

Index Terms—Channel estimation, multiple-input multiple-output and
orthogonal frequency-division multiplexing (MIMO-OFDM).

I. INTRODUCTION

Orthogonal frequency-division multiplexing (OFDM), combined
with the multiple-input multiple-output (MIMO) technique, has be-
come a core technology for next-generation wireless communication
systems [1]–[3]. Channel estimation is typically one of the most
crucial and high-complexity components in a MIMO-OFDM sys-
tem. There are two main issues in designing channel estimators for
MIMO-OFDM systems. The first issue is the pilot structure, while
the second issue is the design of an estimator with low complexity,
good channel tracking ability, and low pilot overhead requirement.
In general, the time- and frequency-selective OFDM channel can be
viewed as a 2-D, i.e., time and frequency, grid. Channel estimation
is usually performed by inserting known reference symbols (pilots)
onto the subcarriers in such time and frequency grid. The receiver
estimates the channel by a certain criterion. Unfortunately, the opti-
mal Wiener filter interpolation and the minimum mean square error
(MMSE) estimator for such a 2-D structure are too complex for
practical implementation [5]. A suite of simplified algorithms has been
proposed to provide various performance and complexity tradeoffs.
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Some of them require either second-order channel statistics (i.e.,
channel covariance matrix) or moderate to high complexity [6]–[14].
Among these, the simplest channel estimation technique that does not
require second-order channel statistics with moderate performance is
based on polynomial interpolation. However, this type of method is
typically not adaptive to noise and channel selectivity (i.e., the order
of the polynomial is typically fixed), thereby causing overfit when
the channel has low selectivity and/or low SNR and underfit when
channel has high selectivity. It is known that MIMO-OFDM channel
estimation has become the bottleneck of a practical MIMO-OFDM
system [15], [16]. A practical low-complexity channel estimator with
good tracking accuracy is thus highly desirable. In this paper, we pro-
pose a minimum complexity channel estimation technique that does
not require channel statistics (i.e., covariance matrix) and provides
superior channel tracking performance over a wide range of channel
selectivity and noise/interference variance.

II. MULTIPLE-INPUT–MULTIPLE-OUTPUT PILOTS

Spatial multiplexing offers a linear increase in data rate through
MIMO systems, i.e., transmitting multiple independent data streams,
which are often referred to as the MIMO layers, within the bandwidth
of operation. Spatial multiplexing gain can be realized by simply
transmitting data streams via channel eigenmodes, thus maximizing
the overall data rate over the MIMO system. Assume that a vector of
L independent modulation symbols from L data streams is transmitted
over one OFDM subcarrier of an NT × NR MIMO system, where
NT is the number of transmit antennas, NR is the number of receive
antennas, and L ≤ min{NT , NR} [17]. The multiple transmitted data
streams of the MIMO layers share the same time–frequency resource
and therefore interfere with one another at the receiver. However, the
modulation symbols from different MIMO layers can be decoupled
from the received signals with knowledge of the MIMO layer channel
(as well as the noise variance) using either the linear MMSE detector
or the zero-forcing detector [17].

In a MIMO-OFDM system, data are often transmitted via a
time–frequency resource block that consists of Nc contiguous OFDM
subcarriers and Ns successive OFDM symbols. Hence, there are
Nc × Ns modulation symbols in one resource block. A user may be
assigned integer multiples of such blocks during a communication
session. Each resource block is used for the simultaneous transmission
of L MIMO layers, as illustrated in Fig. 1, where L MIMO layers
of data are transmitted on the same time–frequency resource block
through an NT × NR MIMO system. Let us denote y as the vector
of received modulation symbols in one resource block at receive
antenna r, i.e.,

yr =

L∑
l=1

H(l,r)s(l,r) + nr, 1 ≤ r ≤ NR (1)

where s(l) is a complex vector containing NcNs modulation
symbols from the MIMO layer l. H(l,r) = diag(h(l,r)) and
h(l,r) = [h

(l,r)
1 h

(l,r)
2 · · · h

(l,r)
NcNs

]T contain the complex-valued
layer channel gains at the NcNs modulation symbol positions, and
n is an NcNs × 1 zero-mean complex noise/interference vector with
variance σ2I. Note that both {h(l,r), 1 ≤ l ≤ L, 1 ≤ r ≤ NR} and
σ2 are typically unknown and need to be estimated for MIMO receive
processing.

As earlier stated, the L layers of data are transmitted on the same
resource block and can only be separated if the channel of each layer
at each antenna (as well as the noise variance) is known. To facilitate
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Fig. 1. MIMO communication system diagram, where L MIMO layers of data are transmitted through an NT × NR MIMO system.

Fig. 2. MIMO pilot symbol placement in a resource block (solid: pilot
symbol; hollow: data symbol), where M = 3, NP = 6, and NP = 12 for
the first and the second pilot patterns, respectively, for channels with different
frequency selectivities.

the estimation of the layer channel at the receiver, the transmission
of layer pilots is needed, and the layer pilots themselves should be
made separable at the receiver. In the implementations of Fig. 2, layer
pilot symbols are inserted onto a resource block in such a way that
pilot symbols are clustered into NP groups (NP = 6 and 12 for the
first and second pilot patterns, respectively), each of which consists of
M = 3 layer pilot symbols spread over time [18]. Within a group, the
channel is assumed constant. The M pilot symbols of group p for layer
l, i.e., s

(l)
p (an M × 1 vector), are scrambled with a unique complex

orthogonal sequence, i.e.,

s(l)
p = fl =

1√
M

[
1 ej 2πl

M · · · ej 2πl
M

(M−1)
]T

1 ≤ l ≤ L ≤ M, 1 ≤ p ≤ NP (2)

where fl is the lth column vector of an M × M discrete Fourier
transform (DFT) matrix [19]. Here, we utilize the property that the

columns of a DFT matrix are orthogonal, i.e., fH
l fm =

{
0 l �= m
1 l = m

,

providing a total of M dimensions of orthogonal subspaces spanned
by these M column vectors. As such, the layer pilots are orthogonal
to each other within a group and can thus be separated at the receiver.
It is clear that the maximum number of layers that a pilot pattern with
group size of M can support is M .

At the receiver, the lth layer pilot p at antenna r (cf., Fig. 1) is re-
covered by projecting the received M pilot symbols yr

p in
group p as

yr
p =

L∑
m=1

h(m,r)
p s(m)

p + nr
p

=

L∑
m=1

h(m,r)
p fm + nr

p, 1 ≤ p ≤ Np (3)

onto the lth dimension by multiplying the lth basis vector fl with the
received pilot symbol vector yr

p of group p. Noting that fH
l fm = 0 for

l �= m, we have

h̃(l,r)
p = fH

l yr
p =

L∑
m=1

h(m,r)
p fH

l fm+fH
l np =h(l,r)

p +n(l,r)
p

1≤p≤NP , 1≤ l≤L, 1≤r≤NR. (4)

The NP lth layer channel gains at the rth antenna are thus separated
(with noise) from the other layer and can be used for layer channel
estimation.

The dimensions that are not utilized for layer pilot transmission,
i.e., the (M − L) dimensions, are used for noise variance estimation
by extracting the interference samples from these dimensions. Since
there is no pilot transmitted on any of these (M − L) dimensions, the
sample extracted must be the noise sample

n(l,r)
p = fH

l rp =

L∑
m=1

h(m,r)
p fH

l fm+fH
l nr

p = fH
l nr

p

1≤p≤NP , L+1 ≤ l ≤ M, 1≤r≤NR. (5)

Averaging over the NP (M − L) noise samples, the noise variance
is then estimated by

σ̂2
r =

1

NP (M − L)

M∑
l=L+1

NP∑
p=1

∣∣n(l,r)
p

∣∣2 , 1 ≤ r ≤ NR. (6)

In the next section, we describe a technique that uses (4) and (6) to
estimate the layer channel at each antenna in a resource block.
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Fig. 3. Extracted pilot symbols for a single layer l (1 ≤ l ≤ L) and re-
ceive antenna r(1 ≤ r ≤ NR) corresponding to the MIMO pilot patterns
in Fig. 2.

III. MULTIPLE-INPUT–MULTIPLE-OUTPUT LAYER

CHANNEL ESTIMATION

The extracted layer pilots at each antenna from (4) are illustrated
in Fig. 3, where NC = 16, NS = 8, NP = 6 (Pattern 1), and NP =
12 (Pattern 2). With the extracted NP layer pilots and the associated
noise variance from (6), the task is then to estimate the channel for
ND = NCNS − MNP layer data symbols (hollow circles) from the
NP layer pilots (solid circles) for the total of L layers and NR receive
antennas (cf., Fig. 1) by exploiting the channel time and frequency
coherence within a resource block.

The time- and frequency-selective 2-D MIMO-OFDM channel
h(l,r)(x) of layer l at antenna r is first modeled by

ψ(l,r)(s, c) =β
(l,r)
0 + β

(l,r)
1 s + β

(l,r)
2

+

NP∑
p=1

α(l,r)
p η

(
(s − sp)2 + (c − cp)2

)

1 ≤ l ≤ L, 1 ≤ r ≤ NR (7)

where η(·) is a basis function, (s, c) denotes the symbol position in
the resource block (s is the OFDM symbol index or time, c is the
subcarrier index or frequency), (sp, cp) is the pth pilot symbol position
in a resource block, and αi and βi are weights. That is, the channel
is modeled by the linear combination of basis functions [20]. For
notational simplification, we drop the layer index l and the antenna
index r in the sequel wherever there is no confusion. We rewrite the
foregoing equation in matrix form as

ψ(x) =
[
ηT

x χT
x

] [
α

β

]
(8)

where

ηx = [ η (‖x− z1‖2) · · · η
(
‖x− zNP

‖2
)
]T (9)

where η(r) =
{

r2 ln r2, r > 0
0, r = 0

is the radial basis function [20],

x = [s c]T is the symbol position vector, and zp = [sp cp]T

is the pth pilot symbol position vector. χx = [1 xT]T, α =
[α1 · · · αNP

]T, and β = [β0 β1 β2]
T are the weight vectors

that satisfy

ZTα = 0 (10)

where Z =

[
1 1 · · · 1
z1 z2 · · · zNP

]T

is an NP × 3 matrix.

To determine the values for α and β, we construct a cost func-
tion consisting of a fidelity component regularized by a smoothness
constraint

ζ(ψ) =
1

NP

NP∑
p=1

∥∥ψ(zp) − h̃(zp)
∥∥2

︸ ︷︷ ︸
Fidelity

+λ J(ψ)︸︷︷︸
Smoothness

(11)

where h̃(zp)
Δ
= h̃p is the extracted channel at position zp, λ ≥ 0 is the

coefficient that governs the degrees of smoothing and is a function of
the received pilot SNR, and J is a smoothness measure that provides
the integral of the energy of the second-order derivative of the 2-D
function ψ [21], i.e.,

J(ψ) =

∫∫ (
∂2ψ

∂s2

)2

+ 2

(
∂2ψ

∂s∂c

)2

+

(
∂2ψ

∂c2

)2

ds dc. (12)

Equation (11) can then be rewritten as the matrix form

ζ(ψ)=
1

NP

∥∥Zβ+(E+λNP I)α−h̃P

∥∥2
+λαT (E+λNP I)α

(13)

where h̃P = [h̃1 h̃2 · · · h̃NP
]T contains the extracted

layer pilot vector whose elements are given by (4), and
E = [ηz1

· · · ηzNP
] is an NP × NP matrix.

The first term of (11) or (13) represents the fidelity or closeness
of the channel model ψ matched to the received (noise-corrupted)
pilot symbols, and the second term reflects the smoothness or channel
coherence in time and frequency. In contrast with the channel, noise
samples are independent and therefore do not possess the correlation
property as the channel. Therefore, the smoothness constraint helps
provide extra robustness to noise in low SNR scenarios. For example,
for high SNR, the received layer pilot symbols are less noisy and
more reliable. The fidelity (fidelity to received pilot symbols) term
should be weighted high (i.e., small λ). On the other hand, for low
SNR, the received pilot symbols are heavily corrupted, and the fidelity
term should then be weighted low (i.e., large λ). In general, the larger
the pilot signal-to-interference-plus-noise ratio (SINR) (i.e., the more
reliable the measured channel via the received pilot), the smaller the
value of λ.

For a given λ, we seek the values of α and β minimizing ζ as

α̂, β̂ = arg min
α,β

ζ(ψ). (14)

It can be shown via QR decomposition of Z that the solution to (14)
is given by a set of linear equations

[
E + λNP I Z

ZT 0

][
α̂
β̂

]
=

[
h̃P

0

]
. (15)

Substituting (15) into (6), we finally arrive at

ĥ(x) = [ηT
x χT

x ]

[
E + λNP I Z

ZT 0

]−1 [
h̃P

0

]
. (16)

That is

ĥ(l,r)(x) = cT
x

[
h̃

(l,r)
P

0

]
, 1 ≤ l ≤ L, 1 ≤ r ≤ NR (17)
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which is the estimated lth layer channel for the rth antenna at symbol
position x, where

cT
x = [ηT

x χT
x ]

[
E + λNP I Z

ZT 0

]−1

. (18)

The layer channel estimate at symbol position x is thus simply
a linear combination of the NP layer pilots. The lth layer channel
estimates at the ND data symbol positions at the rth antenna are

ĥ
(l,r)
D = C

[
h̃

(l,r)
P

0

]
, 1 ≤ l ≤ L, 1 ≤ r ≤ NR (19)

where C = [cx1 · · · cxND
]T is referred to as the channel estima-

tion matrix.
It is clear that the channel estimation matrix C is a function of pilot

symbol positions (which are predetermined) and λ (a function of pilot
SINR). Thus, for a given pilot pattern, the channel estimation matrix C
is simply a function of the pilot SINR. We can therefore predetermine
the values of λ at various levels of pilot SINR and precalculate C
at the respective levels of SINR. At the time of channel estimation,
the layer pilot SINR is estimated using (6). The channel estimation
matrix C, corresponding to the particular SINR, is then used for layer
channel estimation.

Therefore, the complexity of channel estimation for each layer data
modulation symbol is NP + 3 complex multiplications and additions.
For the case of the first pilot pattern in Fig. 3, it is just 6 + 3 complex
multiplications and additions per layer data symbol.

IV. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed chan-
nel estimation algorithm via a 4 × 2 MIMO-OFDM simulator with
resource block size of 16 subcarriers (10-kHz spacing) by 8 OFDM
symbols, as shown in Fig. 2. Two layers of data streams (L = 2) are
transmitted. Two out of the M = 3 dimensions in Fig. 1 are used for
layer pilot transmission, and the third dimension (no layer pilot is
transmitted) is used for noise variance estimation. Different channel
models with various frequency selectivities, such as Pedestrian B (low
frequency selectivity), Global System for Mobile Communications
(GSM) (high frequency selectivity), and Vehicular B (very high fre-
quency selectivity) [22], [23], with fading speed from 3 to 120 km/h at
a carrier frequency of 2 GHz, are used in the simulations.

We begin by determining the λ values at different levels of pilot
SINRs. At a given SINR level, the λ value that provides the best
simulated uncoded bit error rate (BER) under various channel models
is selected, and its corresponding channel estimation matrix C is
precalculated and stored. In general, the performance of the channel
estimation is insensitive to the selection of the λ value over a wide
range of SNR values. The number of channel estimation matrices
needed to be stored can thus be sparse, e.g., spaced at 5 dB apart,
without significant performance impact.

With the channel estimation matrices C determined and stored for
different levels of SINRs, layer channel estimation was first performed
for the GSM channel model at the fading speed of 3 km/h, assuming
the first pilot pattern depicted in Fig. 2. For every resource block
received, the layer pilots were extracted using (4), and the noise
variance was estimated using (6). The channel estimation matrix C
corresponding to that particular SNR was then selected from the pre-
stored channel estimation matrices and used for calculating the layer
channel gain at each layer data modulation symbol position using (19).
This procedure was repeated for both layers (L = 2) at both receive
antennas (NR = 2). Fig. 4 shows a sample result of the estimated layer
channel gain plotted against the actual layer channel at each position

Fig. 4. Channel estimation (amplitude) sample plot for the GSM channel
(SNR = 16 dB).

Fig. 5. NMSE for the proposed method. The performance for the MMSE-
based method under the Pedestrian B model is also given. For the MMSE
method, the channel covariance is assumed known at the receiver.

in a resource block. Finally, with the estimated channel gains for both
layers and both antennas, together with the noise variance estimate, the
MMSE detector was used to decouple the layer data symbols.

Simulations were repeated for other channels. The normalized
mean square error (NMSE) of the channel estimate and the un-
coded BER performance with quadrature phase-shift keying (QPSK)
modulation were collected and plotted in Figs. 5 and 6, respec-
tively, for Doppler speed of 3 km/h, together with the MMSE
method for comparison. Ideal channel estimation (i.e., perfect channel
knowledge) BER is also given. For Doppler speed of 120 km/h,
the BER performance of the channel estimation is similar (not
shown). It is seen in Fig. 6 that the BER performance from
the proposed channel estimation technique follows the ideal chan-
nel estimation well for low (Pedestrian B) and high (GSM) fre-
quency selectivity. At very high frequency selectivity (Vehicular B),
the performance starts to deviate from the ideal. This deviation results
from the fact that the channel estimation residual errors are no longer
dominated by the pilot noise but by the severe mismatch between the
channel frequency sampling rate provided by the first pilot pattern
in Fig. 3 and the variation rate of the actual channel. The increase
of frequency domain pilots, such as the use of the second pilot
pattern in Fig. 3, provides better tracking of faster frequency variations
(cf., Fig. 7) and brings down the deficit, as shown by the dotted line in
Fig. 6, but at the cost of increased pilot overhead.
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Fig. 6. Uncoded BER performance (QPSK modulation) versus SINR for
Pilot Pattern 1 at Doppler speeds of 3 km/h under Pedestrian B, GSM, and
Vehicular B channel models. The performance for the MMSE-based method
under Pedestrian B model is also given for reference. For the MMSE method,
the channel covariance is assumed known at the receiver.

Fig. 7. Channel estimation (amplitude) sample plot for highly frequency-
selective Vehicular B channel.

V. CONCLUSION

In this paper, a minimum-complexity high-performance channel
estimation technique for MIMO-OFDM systems has been proposed.
The channel estimation technique does not require knowledge of
the channel statistics (i.e., channel covariance matrix). The channel
estimation for each data symbol is simply a linear combination of
the pilots. In particular, the number of complex multiplications and
additions is equal to the number of pilots, i.e., the minimum channel
estimation complexity, since any algorithm that uses less than NP

multiplications and additions would mean that some of the pilots
are not used in the estimation and, thereby, would not lead to the
best estimation performance. Despite its minimum complexity, this
technique demonstrated its superiority (close to the high complexity
MMSE method) in its ability of tracking channels with nonlinear
selectivity inside a MIMO-OFDM resource block under low pilot
overhead, providing channel tracking performance close to the MMSE
over a wide range of channel selectivity, such as the GSM and
Vehicular B channels. This performance is the direct result of the use
of a cost function that is adaptive to channel noise and selectivity by
incorporating a fidelity component regularized by a smoothing con-
straint. The solution is in a simple closed form that can be implemented
with minimum complexity. Although the pilot design example used in

this paper is for typical wireless mobile communication environments
(Doppler speeds from 3 to 120 km/h), the proposed channel estimation
technique can be, in general, used for channels with high selectivity in
both frequency and time by simply using appropriate pilot patterns.
The minimum complexity and superior channel tracking capability of
the proposed technique enable an OFDM receiver to process high-rate
MIMO data in high-selectivity channels with high performance and
low cost, which has particular importance to a complexity and battery-
limited mobile device.
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Abstract—This paper is concerned with power allocation (PA) among
the source and the relays of wireless relay networks to minimize the
mean-square error (MSE) of the channel estimation when distributed
space–time coding (DSTC) is applied. The optimal PA scheme is nu-
merically obtained by means of geometric programming for the least-
squares (LS) estimator, and a closed-form near-optimal PA scheme is
also suggested. The impact of imperfect channel estimation on the error
performance of DSTC is analyzed for both the LS and linear minimum
MSE (LMMSE) channel estimators. It is proved that mismatched decoding
of DSTC is able to achieve the same diversity order as coherent decoding
of DSTC. Furthermore, when the closed-form PA obtained in the training
phase is applied to the transmission phase, mismatched decoding is able to
achieve a significant coding gain over the equal-PA scheme (which assigns
half of the total power to the source and equally shares the other half to all
the relays).

Index Terms—Channel estimation, distributed space–time coding
(DSTC), diversity order, geometric programming (GP), power alloca-
tion (PA).

I. INTRODUCTION

Distributed space–time coding (DTSC) [1]–[4] has been proposed
for wireless relay networks, where the relays cooperate with each
other, simulate a virtual array of transmit antennas, and perform
space–time coding on the source signal. By exploiting the spatial
diversity provided by DSTC, it is well known that the transmission
reliability of the source signal over a wireless relay network can be
significantly improved. While most of the existing works on DSTC in
the literature consider the relay networks with perfect channel state
information (CSI) at the destination [1]–[4], only a few of them study
the networks with imperfect CSI.

Mismatched decoding with imperfect channel estimation is inves-
tigated in [5] for a network with one relay. By combining with the
direct source-to-destination (S → D) transmission, it is shown that
the system is able to achieve a diversity order of 2. Channel estimation
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Fig. 1. Block diagram of a wireless relay network with DSTC.

in a single-relay network has also been reported in [6]. Reference [7]
has recently considered channel estimation and optimal training design
for multiple-relay networks, where the channel variance of each link
can take on any value. The optimal training at the source and the
relays are presented in [7] to minimize the channel estimation mean-
square error (MSE). However, [7] does not show how to optimally
allocate the power among the source and the relays to further min-
imize the MSE, nor does it provide a diversity analysis of the mis-
matched decoder. These two important issues shall be examined in this
paper.

This paper first studies power allocation (PA) schemes to minimize
the MSE of the channel estimate, which is obtained with either
the least-squares (LS) or the linear minimum MSE (LMMSE) crite-
rion. With the LS criterion, we consider a geometric programming
(GP)-based approach to find the optimal PA scheme. We also propose
a closed-form PA scheme, whose performance is very close to that
of the optimal scheme. Interestingly, this closed-form near-optimal
scheme turns out to be same as the optimal PA scheme that has been
recently proposed in [8] to maximize the signal-to-noise ratio (SNR) of
the coherent DSTC at the destination under the minimum “amount of
fading” constraint. With regard to the LMMSE criterion, although no
optimal solution is found, the proposed PA schemes obtained under
the LS criterion can be readily applied as suboptimal solutions. In
Section IV, we prove that the mismatched decoder of DSTC that
uses the imperfect channel estimation is able to achieve the same
diversity order as the coherent decoder (which has the perfect channel
estimation).

Notations: Superscripts (·)T and (·)† stand for transpose and
complex conjugate transpose operations, respectively; IM is an M ×
M identity matrix; tr(·) denotes the trace of a square matrix; Ex[·]
indicates the expectation of random variable x; CN (0, σ2) denotes
a circularly symmetric complex Gaussian random variable with
variance σ2.

II. SYSTEM MODEL

Consider a wireless relay network with R + 2 nodes, as illustrated
in Fig. 1. The system has one source node, one destination node, and
R relay nodes. Each node is equipped with only one antenna, which is
used for transmission and reception in the half-duplex mode. Assume
that there is no direct link from the source to the destination, as all
signals from the source are relayed to arrive at the destination. Let f̃i ∼
CN (0, σ2

Fi
) and g̃i ∼ CN (0, σ2

Gi
) be the channel coefficients from

the source to the ith relay and from the ith relay to the destination,
respectively, for i = 1, . . . , R. These coefficients are assumed to be
independent of each other. It is further assumed that f̃i and g̃i, i =
1, . . . , R remain constant over the coherence time TC = 2T , which
includes both training time T and data-transmission time T . These

0018-9545/$26.00 © 2010 IEEE
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