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Abstract—Cooperative transmission in wireless networks 
provides diversity gain in multipath fading environments. Among 
all the proposed cooperative transmission schemes, delay 
diversity has the advantage of needing less coordination and 
higher spectrum efficiency. However, in a distributed network, 
the asynchrony comes from both carrier frequency and symbol 
timing between the cooperating relays. In this paper, a minimum 
mean square error fractionally spaced decision feedback 
equalizer (MMSE-FS-DFE) is developed to extract the diversity 
with large multiple carrier frequency offsets, its performance 
approaches the case without multiple carrier frequency offsets. 
The front end design for the receiver in this scenario is discussed, 
and a practical frame structure is designed for carrier frequency 
offsets and channel estimation. A subblock-wise decision-directed 
adaptive least squares (LS) estimation method is developed to 
solve the problem caused by error in frequency offset estimation. 
The purpose of this paper is to provide a practical design for 
cooperative transmission (CT) with the delay diversity scheme. 

Keywords-Cooperative transmission, multiple carrier frequency 
offsets, fractionally spaced decision feedback equalizer  

I.  INTRODUCTION 
Cooperative transmission (CT) [1], [2] has been studied as 

a way for one single-antenna radio to help another single-
antenna radio to transmit a single message more reliably, to 
combat multipath fading in wireless communications. CT 
methods that involve concurrent transmission, which implies 
physical layer combining, have been demonstrated to be 
effective for range extension [3]. When different radios are 
transmitting concurrently, the received signal has multiple 
frequency and time offsets, relative to the receiver. This paper 
presents a receiver design that is robust to multiple carrier 
frequency offsets (CFOs). 

To create diversity, the signal copies combined in the 
receiver must undergo uncorrelated fading. One way to create 
diversity is for the cooperators to transmit over orthogonal 
relay channels [2], with either coherent or noncoherent 
demodulation [4] or differential demodulation [5]. However the 
spectral efficiency of orthogonal transmission is low. Another 
way is distributed space time coding (DSTC) [6]-[9] or space 
frequency block coding (SFBC) [10], which improves the 
spectral efficiency. Transmit diversity with artificial delay [11] 
can be viewed as a special case of DSTC. A third is coded 
cooperation and turbo-coded cooperation [12], [13]. Generally, 
all these approaches use block-transmission and assume the 
channel is quasi-static and without multiple CFOs. 

CT is essentially asynchronous in a distributive network. 
The asynchrony in carrier frequency between the cooperating 
relays comes from the natural differences in oscillators in 

general and from the Doppler frequency shifts in a mobile 
channel. Some works addressed this multiple CFOs problem. 
Cooperative Orthogonal Frequency Division Multiplexing 
(OFDM) transmission with CFO mitigation was proposed in 
[14], where a special OFDM symbol with a long CP was 
designed to mitigate the CFOs, however, the long CP leads to 
low spectral efficiency. A multiple CFO compensation symbol-
rate decision feedback equalization (DFE) approach was 
supposed in [15] for delay diversity method [11]. In [16], a 
maximum likelihood sequence estimation (MLSE) equalizer 
based on the Viterbi algorithm was developed for multiple 
CFO compensation. These papers mentioned above that 
address multiple CFOs represent each CFO as a multiplicative 
complex exponential factor in symbol-spaced samples, 
assuming that a transmitter pulse shaping filter such as root 
raised cosine (RRC) filter, and a matched filter on the receiver 
side, such that the equivalent channel impulse response 
satisfies the Nyquist criterion, i.e. that the symbol-rate samples 
are intersymbol interference (ISI) free. Then the equivalent 
sampled matched filter (SMF) channel model was deduced. 
The simulation in [16] shows that such design is limited to 
small CFOs, such as a normalized CFO less than 0.06, and the 
performance will degrade severely when the CFO is larger. For 
a real world narrowband application such as wireless telemetry, 
the CFO may be significantly larger, for example, the 
frequency tolerance of ARIB STD-T67 is � 4ppm [17], with 
an occupied bandwidth of 8.5kHz and operating frequency at 
429MHz, the normalized CFO is about 0.4. 

In this paper, based on the artificial delay diversity approach 
[11], we suggest a fractional spaced equalizer (FSE) which can 
compensate very large multiple CFOs in a narrow-band flat-
fading and quasi-static channel. We assume a crystal with 
stability � 10ppm is used in the 2.4GHz frequency band with 
a Baud rate of 64KBps; thus, the CFO could reach � 24KHz 
and the normalized carrier frequency offset will be as large as 
� 0.375. The front-end design was modified to accommodate 
such a large CFO, necessitating a wider band filter in the front 
end to capture the signal spectrum with multiple CFOs. The 
wider band filter creates the need for FSE. This use of the 
wider band front end with the FSE is the one of the main 
contributions of this paper. The other is the design of a vector 
phase estimator, which is like a multi-output phase locked 
loop that tracks the multiple phase errors caused by estimation 
errors for frequency offsets.  
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II. SYSTEM MODEL 

A. Cooperative Transmission 
We consider the range extension CT scenario shown in Fig. 

1, which consists of a source, a cluster of M  relays, and a 
destination. The packet transmitted from the source to the 
relays, and then all the relays will transmit the same packet to 
the destination. The destination is assumed to be out of range of 
the source. An additional artificial delay is introduced by each 
relay, so as to simulate a frequency selective fading channel, 
the destination will receive multiple copies of the packet fired 
at different times and delay diversity can be extracted. 

 
Fig. 1.  Relay based cooperative transmission in network 

 
We assume that the artificial delays are just multiples of the 

symbol period, and that the relays are symbol synchronized. 

B. System Model for Relay-based Delay Diversity 
Our system model is shown in Fig. 2, where each relay mR  

has a carrier frequency offset mf�  relative to the destination. 

m�  is the complex channel gain from relay mR  to the 
destination, with Mm ,,1�� . Narrow-band communication 
is assumed in this paper, so the channel gains from different 
transmitters to the receiver have flat fading, are assumed to be 
quasi-static, and are independent from each other. T  is the 
symbol period, and m�  is an integer to set the delay for relay 

mR . ka  is the transmitted symbol at time index k , )(tw  is the 
additive white Gaussian noise (AWGN) in the channel.  

An example passband frequency spectrum of the received 
signal )(tr  at the destination assuming 2�M  is illustrated in 
Fig. 3. The figure shows how the receiver matched filter and 
the SMF model response are mismatched for large CFOs, and 
now part of the valid signal would be filtered out. Instead, in 
this paper, we propose that the receiving filter )(�F  is an ideal 
flat wideband filter with baseband bandwidth ]/1,/1[ TT �	 , 
which can accommodate the frequency-shifted signals. 

The channel impulse response between the relay mR  and 
the destination node D without CFO is given by 

)/( 0
)()(

0
FkTtgh m

Tm
m

k �� � ,   (1) 

where  )(
0

mt  is the timing phase, )(tgT  is the transmitting pulse 
shaping filter, and 0F  is the over-sampling factor. If relay mR  
and the destination node D are perfectly time synchronized, 
then  Tt m

m �	�)(
0 . 

In our design, the transmitting pulse shaping filter )(�TG is 
a raised cosine (RC) filter with roll-off factor 0.22. Following 

the receiving filter is a sampler with sample rate of T/2 . Note 
that a wider bandwidth for the receiving filter )(�F  and higher 
over-sampling factor can be chosen for even larger CFOs. 
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Fig. 2.  System model for delay diversity 

 
We note that the receiving filter )(�F  is an ideal 

rectangular window filter with edges at  Tfc /1�  in Fig. 2. 
The output noise at the receiver filter )(�F  is band-limited 
WGN, and the samples of the noise,  kw  are independent zero-
mean complex Gaussian random variables, with variance 

2/2
w�  in each of the real and imaginary parts. In a real 

application, the receiving filter )(�F  could be realized as a 
root raised cosine filter where the flat part of the filter should 
accommodate the received signal so no distortion will happen, 
and at the same time, the samples of the noise after this filter 
are independent random variables. 

1ffc �	 2ffc �� f

)(�F

cf Tfc /1�Tfc /1	

 
 Fig. 3.  Frequency spectrum of the received signal 

 
The samples are fed into a FS-DFE, which is described in 

the next section. 

III. EQUALIZER DESIGN 
In [15], a symbol-spaced MMSE-DFE which can 

compensate multiple CFOs was developed based on the SMF 
model. When a wideband receiving filter is employed to 
accommodate large CFOs, a FS-DFE [18] should be adopted. 

Let cL  and bL  be the lengths in symbols of the 
feedforward and feedback filters, respectively of the FS-DFE, 
let �  be the delay at the decision output, and �  be the length 
in symbols of the equivalent channel impulse response. �  is 
upper bounded by the sum of the length of the impulse 
response )(tgT  and the maximum integer value for delay that 
the relays can choose. 

We introduce the following vector notation: 
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where ),,( za �diag  denotes the block diagonal matrix with 
the vectors or matrices za ,, � on its diagonal. 
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where H  is a )1(0 	��� cc LMFL matrix. 
Then the input signal vector to the feed-forward part of FS-

DFE can be expressed in matrix form as  
kkkk wHaQr ��  

The output of the equalizer, in symbol rate, is defined as 
,ˆ 1	�	�� k

T
kk

T
kky abrc     (3) 

where ]ˆ,,ˆ[ˆ 11 bLkkk aa 	�		�		�	 � �a  contains the already 

decided symbols to use in the feedback filter, kc  and kb  are 
the coefficient vectors for the feedforward and feedback filter, 
respectively. 

The coefficient vector kc  and kb  can be obtained with [19]. 

1
2

2
))(( 	

� �	� ICDDICCEc
x

wHHHHT
k �

� , where HQC k�  

HT
k

T
k CDcb � ,  

where ][ 22
kx aE��  and with the following definition 

][ )1( �			�������
bcbbbb LLLLLL 0I0D  

� �00100 ����
HE ,  where the th�  element is 1. 

IV. SIMULATION RESULTS 
In this section we analyze the FS-DFE performance 

assuming H  and kQ are estimated perfectly. We compare to 
the symbol-rate DFE with matched filter front-end design in 
[15], in which we model the actual distorted response of the 
RRC filter receiver when a large CFO is present. The FS-DFE 

performance with practical estimators for H  and kQ  will be 
treated in the next section. 

We use Monte-Carlo simulation to get the bit error rate 
(BER) over delay diversity channels for the 2-relay and 3-
relay cases. The results are shown in Fig. 4. It is assumed that 
each path gain is flat Rayleigh fading. For simplicity, the 
values of delay for the relays are set to be 2,1,0 321 ��� ���  
where the maximum diversity gain can be obtained. A packet 
with 1000 random QPSK symbols is generated per trial; 4000 
– 10000 trials will be conducted, depending the BER. The 
transmitting filter time response is truncated to ]3,3[ TT	 .  

The BER curves without CFOs are plotted out for reference 
in Fig. 4. Here we assume maxf�  of 0.39 where the CFOs of 
the relays are uniformly distributed in ],[ maxmax ff �	� .  

 
Fig. 4.  Comparison between FS-DFE and DFE with random multiple CFOs 

with perfect channel estimation 
 

The BER performances of the symbol-rate DFE under the 
matched filter front-end model in [15] for the 2-relay case, 
denoted as “DFE+MF” in Fig. 4, are shown for maxf�  of 0.1 
and 0.39. The degradation is small when maxf�  is only 0.1, 
but prominent when maxf�  is as large as 0.39. The BERs of 
FS-DFE under multiple CFOs are very close to those under no 
CFOs. Symbol-rate DFE also works under our wideband 
front-end model, but the BERs, denoted as “DFE+WBF” in 
Fig. 4, are 2-3dB worse than the FS-DFE under multiple CFOs. 
This is because symbol-rate DFE suffers from noise aliasing 
when wideband receiving filter )(�F  is employed. 

V. PRACTICAL FREQUENCY OFFSET  AND CHANNEL 
ESTIMATION 

A. Frame Structure 
In the above section, it is shown that the FS-DFE can 

effectively compensate the effect of multiple CFOs, when these 
CFOs are exactly known. However, in practice, all the 
parameters, including the CFOs and the channel gains, should 
be estimated on the receiver side.  

In this section, we propose a frame structure with 
preambles to accomplish this estimate for burst mode 
transmission, and the packet error rate (PER) is analyzed. 
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Fig. 5.  Frame structure 

 
The frame shown in Fig. 5 consists of the preamble 

segment and the data segment. The preamble is further divided 
into groups. Each group is used to estimate the parameters for 
one relay. Each group consists of several repetitions of a 
training sequence (TS), which is a BPSK modulated 32 bits M-
sequence. Zero padding (ZP) is added between the TSs to 
eliminate the influence of tails generated by pulse shaping. 

The data segment consists of 1024 uncoded symbols for 
QPSK modulation. Define payload efficiency as the percentage 
of the data part in the frame. If each group consists of three 
repeated TSs, then the payload efficiency is about 82% when 
there are 2 groups, and about 75% when there are 3 groups. 

B. Estimation and Tracking Algorithm 
For a burst mode transmission, the destination node should 

proceed with parameter estimation. First, Schimdl’s approach 
[20] is applicable to frame detection. In this paper, we assume 
perfect frame detection. Then, the frequency offset can be 
estimated with the repeated TSs [21]; the received preamble 
can be frequency compensated, and then cross-correlated with 
the known TS signals to find the position of the peak [21] to 
get the estimate of timing phase )(

0̂
mt , and the estimate of 

channel gain m�̂  for the channel between relay mR  and the 
destination D, then )(ˆ m

kh , the estimate for the channel impulse 
response,  can be obtained using equation (1). 

Now all the parameters are estimated and the FS-DFE is 
applicable for detection. However, because there is always 
some error in frequency offset estimation, and this will cause 
large phase error when accumulated over a long time, the 
phases need to be tracked. A subblock-wise decision-directed 
adaptive least squares (LS) estimation method was developed 
to solve this problem. 

The data block is segmented into SK  subblocks of length 
N  each, within which the phase rotation is considered to be 
small and the influence for demodulation is negligible. 

The signal model of this LS estimation for the phase errors 

in the kth  subblock is �
�

�
M

m

m
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m
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m
SkSk g
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)()()( ˆˆˆ aHWr , where 

TM
SkSkSkSk ggg ],,,[ )()2()1( ��g is the parameter vector to be 

estimated, in which the elements are the phase errors relative to 
different transmitters within the subblock. The subscript S  
tells this is for the subblock processing, and k  represents the 
kth  subblock, the superscript m  represents the relay mR . 

T
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symbol vector of the kth  subblock, and 
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00 )1(1 		� �r  is the corresponding received signal.  
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and 1)(
0 �m

Sg , Mm ,,1�� , for initialization of the tracking. 
The expression can be simplified by defining 

Sk
m

Sk
m

Sk
m

Sk aHWs ˆˆˆ )()()( �  and  ],,,[ )()2()1( M
SkSkSkSk sssS �� . 

Then we get SkSkSk gSr � , and the LS estimate for Skg  is 

Sk
H
SkSk

H
SkSk rSSSg 1)(ˆ 	�  .     (4) 

The intuition is that the vector Skg  represents the phase 
rotation caused by the frequency offset estimation error. 

Then before utilizing equation (3) in the equalization 
process for the kth  subblock, instead of using the ih  defined 
in equation (2), we use  

� �)1()1(,, ˆRepˆˆ
0 		� kSFkSiSki ghh � ,    (5) 

for 1,,0 	�� �i  and SKk ,,1�� , 

to calculate the channel impulse response matrix H , and the 
equalizer coefficient vectors kc  and kb . Here �  denotes 
“element-by-element multiplication” of two vectors, and  

� �

0FRep is an function to repeat a column vector 0F  times. 

Ski,ĥ  is updated per subblock as in (5), and we define 
TM

iFiF
M

FiFFiF
M

FiFFiFSi hhhhhh ]ˆ,,ˆ,,ˆ,,ˆ,ˆ,,ˆ[ˆ )()1()(
)2(

)1(
)2(

)(
)1(

)1(
)1(0, 0000000000

���� 	�	�	�	��h  
for initialization of the process. 

The adaptive tracking mechanism is shown in Fig. 6, where 
]ˆ,,ˆ,ˆ,ˆ[ˆ

1,11,21,11,01 SSSSS 	�� hhhhh �  and ]ˆ,,ˆ,ˆ[ˆ
21 Mfff ���� �f� . 
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Fig. 6.  Adaptive phase tracking 

 
This concept is like a subblock-wise decision-directed 

phase locked loop, however, several phases are tracked 
simultaneously. 

C. Simulation 
Monte-Carlo analysis on packet error rate (PER) is made 

over delay diversity channels and the results are shown in Fig. 
7. The assumptions are the same for the simulation for 
equalization, however here all the parameters are estimated. An 
uncoded packet with 1024 random QPSK data symbols is 
generated per trial, 2000 – 20000 trials are conducted, 
depending on PER. The burst mode packet is prefixed with a 
preamble, which is employed for parameter estimation. The 1-
relay, 2-relay and 3-relay cases are analyzed, and the PER 
curves for no CFOs and perfect parameter estimation are also 
plotted out as a reference. 

Two consecutive TSs in the preamble can be employed to 
estimate frequency offset. When more TSs are available in each 
group, more accurate frequency offset estimation can be 
obtained by averaging. The effects of two, three and four TSs 
in each group in the preamble are also simulated to analyze the 
effect of the accuracy of estimation. 

Because of the estimation error, the PER performance 
suffers some degradation when compared to those with perfect 
estimation. When only 2 TSs are used for frequency offset 
estimation, we can see a 2-3dB gap in the 2-relay case, and 
about a 7 dB gap in the 3-relay case, when PER is in the region 
10E-1 to 10E-2. The PER performance of the 3-relay case is 
even worse than of the 2-relay case because of estimation error 
in this region. With more TSs, the frequency offset estimate is 
more accurate and the PER performance is better; the gap falls 
into 2.5dB in the 3-relay case, when 4TSs are used.  

 
Fig. 7.  PER of FS-DFE with channel estimation 

VI. CONCLUSION 
A practical equalizer design for cooperative transmission 

with delay diversity under multiple large CFOs is presented in 
this paper. Simulation results show that diversity gain is 
preserved when our proposed approach uses a wider receiver 
filter followed by a phase-compensated fractionally spaced 
equalizer. The design can extend to the asynchronous case 
when the delays are not exactly the multiples of symbol period. 
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