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ABSTRACT 
In this paper, a joint scheme of decision-directed channel estimation 
(DDCE) and weighted-average phase error tracking (WAPET) for 
OFDM WLAN systems is presented. With algorithm exploration, 
the proposed joint scheme makes synchronization more robust to 
overcome time-variant multipath fading, carrier frequency offset, 
and sampling clock offset. In CE accuracy measurement, the 
proposed joint scheme achieves better 8 - 20dB gain in estimation 
mean-square-error compared with conventional approaches. In 
system simulation, the proposed scheme contributes 2.15 - 2.3dB 
gain in SNR for 10% packet error rate (PER) demanded by IEEE 
802.1 la in 6Mbitds - 54Mbitds transmission modes. 

1. INTRODUCTION 
Orthogonal frequency division multiplexing (OFDM) is a 
multicarrier transmission, which is robust to against frequency 
selective fading channel, and is widely applied in wireless local area 
network (WLAN) [ I ]  and digital broadcasting systems [2-31. 
However, OFDM based systems are very sensitive to 
synchronization error, such as channel estimation (CE) error, carrier 
frequency offset (CFO) and sampling clock offset (SCO) [4-6]. 

In WLAN systems, CE is applied to overcome multipath 
fading channel. However, CE error exists since the additive noise 
and time-variant channel subsist in a practical wireless 
environment. Although several robust CE have been applied in 
current OFDM solutions to decrease the CE error from additive 
noise, the time-variant characteristic of a complete wireless 
channel model was not taken into concern [4]. To overcome time- 
variant channel fading, a programmable-coefficient channel 
interpolator and tracking method were applied in [SI. With 
tracking in pilot subcarriers, it achieved 2.5 - 3dB gain in CE 
mean-square-error (MSE) than the conventional zero-forcing 
approach. However, the hardware cost was significantly increased, 
18 parallel complex multipliers were required in the channel 
interpolator. 

CFO and SCO are the other data distortion issues in W A N  
systems, which are induced mainly by crystal oscillator frequency 
mismatch between transmitter and receiver. Time-domain 
acquisition is applied to mitigate these offsets [4-51; however, the 
influence of channel and other effects make this acquisition 
imperfect. The residual CFO and SCO cause phase rotation in 
frequency-domain. This phase deviation of OFDM symbols grow 
with the increasing of symbol indexes and make received data 
incorrect. A LLSE estimator has been applied to mitigate these 
offsets [6]; however, the imperfect factors of the practical 
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transmission environment is out of consideration and hence 
degrades the system performance. 

To solve above problems in OFDM synchronization, a joint 
scheme of CE and PET is proposed. It eliminates the compound 
signal distortion caused by time-variant multipath fading channel, 
CFO, and SCO simultaneously. To enhance CE accuracy and avoid 
such a high cost channel interpolator, the decision-directed CE 
(DDCE) with tracking in data subcarriers is applied. To enhance 
PET accuracy, a weighted-average PET (WAPET) is applied. In the 
simulation of OFDM WAN system, simulation results show that 
performance including CE accuracy and system packet-error-rate 
(PER) of the proposed scheme is bener than that of the conventional 
approaches. In this paper, the system platform will be introduced in 
section 2. The algorithm of the proposed joint scheme will be 
illuskated in section 3. The evaluated performance will be analysed 
and discussed in section 4. 

2. SYSTEM PLATFORM 

To verify the proposed joint scheme, a system platform is 
established compliant to IEEE 802.lla physical layer (PHY) [I]. 
Block diagram of the system platform is shown in Figure 1. A 
complete baseband transceiver and am indoor wireless channel 
model are contained in the system platform. 

IEEE 802.11a PHY 

Figure I :  Sysfem plaform of 802. Ila PHY 

The baseband transceiver comprises a FM' based QAM- 
OFDM modem and a forward-error correction (FEC) design. To 
simulate the baseband transceiver under a practical WLAN envi- 
ronment, an indoor wireless channel model is established. It consists 
of multipath Rayleigh fading channel 171, CFO, SCO, AWGN and 
Doppler effect. With 5011s RMS delay spread, the applied exponent- 
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Figure 2: (a) CIR (b) CFR examples ofthe multipathfading 
channel model 

idly decayed Rayleigh fading channel consists of 13 independent 
taps. The channel impulse response (CIR) and channel frequency 
response (CFR) examples are shown in Figure 2. In order to bring 
the practical time-variant characteristic to the applied channel model, 
the Doppler effect is modelled according to lake’s Doppler spec- 
hum 181. 50Hz Doppler frequency caused by 10 KM/hr opposite 
speed in 5GHz band is modelled for indoor environments. In the 
baseband receiver, first, time-domain synchronization estimates and 
compensates signal distortion from AGC error, symbol-timing drift, 
and CFO. And then FFT is applied to make signal transformation 
from time domain to frequency domain. After FFT, the proposed 
joint scheme of DDCE and WAPET is applied to remove frequency 
domain data distortion issues. Later, the data subcarriers are de- 
mapped and decoded by the FEC design. Finally, the received sys- 
tem parameters and data bits are sent to MAC. 

3. THE JOINT ALGORITHM 
In wireless systems, frequency-domain CFR and phase error are not 
stationary because of the time-variant multipath fading channel, 
CFO, SCO, and AWGN. Therefore, a joint scheme of robust CE 
and PET is proposed for OFDM-based wireless systems. Figure 3 is 
the block diagram of the proposed joint scheme, which consists of 
DDCE and WAPET. DDCE and WAPET are real,izzd as feedback 
estimation algorithms, and a complex multiplier is applied as a joint 
compensator. In the initial training sequence, CFR is estimated by 
the compensator and smoothed by the applied filter. In each data 
OFDM symbol, pilot subcarriers are first compensated with the 
previous estimated value and then sent to WAPET for phase error 
estimation. After that, data subcarriers are compensated with 
previous estimated CFR and present estimated phase error. Finally, 
data subcarriers are sent to De-mapper. The channel variations are 
traced by the de-mapping information and the estimated CFR is 
updated by DDCE. In the proposed design, since phase error is 
estimated before data-subcarrier compensation and CFR error are 
decreased by the compensator before CFR tracking, the estimation 
accuracy can be higher than the conventional approaches. The detail 
algorithms are discussed below. 

3.1 Decision-Directed Channel Estimation 
The DDCE combines a data-subcarrier tracking for CE accuracy 
enhancement and a moving-average algorithm for channel variation 
concern In OFDM W A N  systems, CFR can be estimated in the 
initial preamble [I]. The CFR estimation. using received preamble 
YL(k) and defined (transmitted) preamble XL(k) can be derived as 

Where Hfi) is the real CFR, and HA@ is the estimated CFR with 
additive noise. In data OFDM symbol, the equalized data subcarri- 
ers with CFR HA@) can be shown as 

TO 

I ...................................,,..................., 
DDCE WAPET 

Figure 3: Block diagrom ofthe proposedjoinf scheme 

Where W(k) indicates the frequency-domain additive noise in data 
subcarriers. The estimated CFR error dH(k) causes the de-mapping 
error vector between the equalized canier X,(k) and the predicted 
de-mapping signal X&). This error vector can be derived as 

For CFR error estimation, the mean of normalized constellation 
error vectors is evaluated to eliminate the zero-mean additive noise 
W@). The mean of the normalized constellation error vectors during 
N OFDM symbols is listed as 

However, such an infinite average method will eliminate channel 
variations as noise. Therefore, a moving average algorithm is 
applied to trace the time-variant CFR. m e  moving average length 
depends on the Doppler frequency. A feedback compensation 
scheme is then used to get bener performance and less 
compensation complexity. In the feedback loop, the CFR H& is 
adjusted by the moving average of the previous estimated CFR error 
AH&). The algorithm ofthis feedback loop is 

I N  
M,,(k)- ~ - H ” ( k ) . - ~ ~ , ( ~ ) . x ~ . , ( ~ ) - ’  N ,_, . N < P  (5) 

H”,,(k) HAk)-M,,(k) 

Under the proposed DDCE, channel variations can be traced by the 
moving average algorithm. Because of the feedback compensation 
scheme, CE error is decreased before DDCE and WAPET in each 
data OFDM symbol; both DDCE and WAPET accuracy can be 
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enhanced. Moreover, only 3 complex multipliers are needed in the 
proposed DDCE, which saves 15 parallel complex multipliers 
compare with [5]. 

3.2 Weighted-Average Phase Error Tracking 
The proposed WAPET is designed based on the known pilot 
subcarrien. It combines a feedback pilot compensation to increase 
the PET range, a feedfonvard data compensation to remove the 
phase deviation of the present symbol, and a weighted-average 
algorithm to enhance PET accuracy. The time domain received data 
after preamble-aided synchronization can be listed as 

(6)  
y ( n )  = x ( " ) e - > x " " A r  = x ( n ) e - l x = 6 f  l ( i . I l  

T ' - T  
T 

A = -  

Where Af is the residual CFO after time domain CFO acquisition, 
and A is the relative SCO. The frequency domain received data 
subcanien can be indicated as 

e ,  is the symbol length including GI, while e is the number of 
FFI' point. The phase rotation of the N* OFDM symbol and kth 
subcarrier can be derived as 

The first term is caused by residual CFO, which is a constant phase 
rotation within an OFDM symbol. This constant phase increases 
with OFDM symbol index. The second term is caused by SCO, 
which is a linear phase rotation with subcarrier index. The slope of 
this linear phase increases with OFDM symbol index. The pilot pre- 
compensation can be derived as 

(k) = v,,,, ( N .  d- i (L + YN-, 11 (9) 

4 is the mcan phase error caused by residual CFO, and y is the 
linear phase rotation caused by SCO. M e r  pilot pre-compensation, 
the detected pilot phase is the difference between two adjacent 
OFDM symbols. The tracking scheme with fixed-coefficient loop 
filters can be listed as 

U 

x i - L ( p . . P , )  (11) 
y,=W;. ' .k + (1 - WJY#., ti2 

&N is the total mean phase error, while yN is the total linear phase 
error of the Nh OFDM symbol. The first term of equation ( I  I) is the 
linear regression method to find the slope of the curve, which has a 
minimum mean-square-error (MMSE) from it to the phase samples. 
A linear interpolation is then used to find the phase error of all 
subcarriers. AAer pilot-aided PET, data subcarriers are compensated 
with the present phase rotation, which can be indicated as 

j?Ak) = Y ~ ( o . ~ ~ P [ - J ( ~ ~  +yN)1 (12) 

In the proposed WAPET, pilot and data subcarriers are first 
rearranged. Pilot subcarriers are compensated by the previous 
estimated phase error to increase the tracking range. And then, pilot 
subcarriers are sent to WAPET for current phase error estimation. 
After that, data subcarriers are compensated by the present phase 
error together with the estimated CFR. With the weighted-average 
algorithm and feedfonvard data compensation scheme, accurate 
phase error can be calculated. Moreover, because of the present 
phase error compensation in data subcarrien, phase error can be 
eliminated before DDCE. That is, the accuracy.of DDCE can be 
also increased. 

4. PERFORMANCE ANALYSIS 
In order to analyse the practicability and performance of the 
proposed joint scheme, the established system platform is 
compliant to the SGHz-band IEEE 802.11a [I]. CE accuracy and 
PER of the proposed design will be simulated and compared with 
conventional approaches in the following performance analysis. 

4.1 CE Accuracy of The Proposed Design 
To analyse the CE accuracy of the proposed joint scheme, CE 
mean-square-error (MSE) of the proposed design and conventional 
zero-forcing (ZF) approach is simulated and compared in the time- 
variant multipath fading channel with 5011s multipath R M S  delay 
spread and 50Hz Doppler frequency. The MSE simulation results 
are illustrated in Figure 4. As Doppler frequency equals to OHz, CE 
MSE of ZF approach decreased as SNR increased. However, as 
Doppler frequency rose to 50Hq CE MSE of ZF approach is 
saturated since only CFR estimation in the initial preamble will 
lose the time-variant information of CFR. Appling the moving 
average algorithm to trace the channel variation. the proposed 
DDCE achieves better 8 - 20dB gain in estimation MSE than ZF 
approach. It also achieves better 5 - 17 dB gain in estimation MSE 
than the conventional channel interpolator [SI, which only achieves 
better 2.5 - 3dB gain in estimation MSE than the ZF approach. 
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Figure 5: PER simulation results in 6MbitsIs mode of IEEE 
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synchronization more robust and enhances system performance 
efficiently. 

5. CONCLUSIONS 

&r the algorithm illustration and performance analysis, the 
proposed joint scheme is robust to solve time-variant multipath 
fading channel, residual CFO, and SCO because of the algorithm 
improvement and the combination of DDCE and WAPET. 
Moreover, time-variant CE error, residual CFO, and SCO can be 
compensated with the joint compensator simultaneously, which 
reduces the compensation complexity compared with former 
individual approaches. In CE accuracy measuremenf the proposed 
joint scheme achieves better 8 -‘20 dB gain in estimation MSE than 
the zero-forcing approach. In system PER analysis, the proposed 
joint scheme contributes 2.15 - 2.3dB gain in S N R  for 10% PER 
compared with current OFDM solutions. The proposed joint scheme 
makes synchronization more robust and enhances system 
performance in high-speed WAN systems. 
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