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Abstract-Frequency offset estimation is an important issue in
digital transceiver design, especially for coherent wireless
transmission such as in WiMAX systems based on the |IEEE
802.16e orthogonal freguency-division multiple access (OFDMA)
due to inherited frequency and timing offset problems which
contribute to the loss of the transmitted data. To overcome these
problems, thetransmitter and receiver must bewell synchronized.
In WIMAX systems, the downlink synchronization involves
synchronization of carrier frequency and timing as well as
identification of the preamble index. This paper introduces
synchronization algorithms for frequency offset estimation and
cell search. The performance of these algorithms was tested using
simulation under adaptive white Gaussian noise and fading
channel for different values of signal to noise ratio. Simulation
provided accurate results and the frequency offset in the r eceived
frame was successfully estimated.

Keywords-Carrier frequency, Cell search, Mobile WiMAX,
Orthogonal frequency-division multiplexing (OFDM),
Synchronization; Wireless metropolitan area network (WM AN)

l. INTRODUCTION

In view of the requirement of providing sufficient data rate
when the user is moving at high speed, the Ingtitute of Electrical
and Electronic Engineers (IEEE) has proposed the IEEE
802.16e standard to achieve a high speed broadband wireless
access network for future mobile wireless communication
systems[1]. The standard is widely known as WiMax, which is
an acronym for Worldwide Interoperability for Microwave
Access.

The WIMAX network is considered as a Wireless
Metropolitan Area Network (WMAN) and is one of the
Broadband Wireless Access (BWA) techniques that have

emerged as a promising solution for last mile access technol ogy.

Fig.1 shows positions of different existing wireless access
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technologies in terms of mobility and data rate.

The IEEE 802.16e-2005 specifications define a physical
(PHY) layer and a medium access control (MAC) layer for
mobile and broadband wireless access systems operating at
microwave frequencies below 6 GHz [2]. Actualy, three
different PHY layers are defined: single-carrier transmission,
orthogonal frequency-division multiplexing (OFDM), and
orthogonal frequency division multiple access (OFDMA).
OFDMA inheritsfrom OFDM the ability to compensate channel
distortions in the frequency domain without the need of time
domain equaizers. In WiMAX systems based on the IEEE
802.16e orthogona freguency-divison multiple access
(OFDMA) physical layer specifications; synchronization is an
essential issue. Thus without accurate synchronization
algorithms, it is not possible to reliably receive the transmitted
signad. Mobile WiMAX downlink (DL) synchronization
involves synchronization of carrier frequency and timing as well
as identification of the preamble index.
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Fig. 1. Positioning of different wireless access technologies in terms of
mobility and datarate.

Carrier frequency offset (CFO) may arise from the
difference in natural oscillator frequencies between the base
station (BS) and the mobile station (MS). However, OFDMA is
extremely sensitive to timing errors and carrier freguency
offsets between the incoming signal and the local oscillator
used for signal demodulation.
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Frequency offset in an OFDM system is introduced from two
sources: mismatch between the transmitted and the received
sampling clocks and misalignment between the reference
frequencies of transmit and receive stations. Both impairments
and their effects on performance are analysed [3].

Carrier frequency errors between the transmitter and the
receiver of any digital communication system increase the
number of errorsin the received bits. These errors result from
the mismatch between the carrier frequency oscillators of the
transmitter and the receiver in the RF section. Also, Doppler
frequency due to the receiver’s motion (up to 125 Km/hr)
contributes to frequency offset [4] [5]. Carrier frequency offset
has a great effect on OFDMA systems.

The OFDMA symbol depends on the subcarriers being
orthogonal. Each signal of a certain subcarrier should be
detected at the frequency of its maximum in the frequency
domain which is exactly the value of this subcarrier, which
meets a zero from the signal carried on al other subcarriers. A
frequency offset will distort the signal leading to incorrect
decision and interference from all other subcarriers. If the
timing window dlides to the left or the right, a unique phase
change will be introduced to each of the subcarriers. In the
frequency domain, if the carrier frequency synchronization is
perfect, the receiver samples at the peak of each subcarrier,
where the desired subcarrier amplitude is maximized, and the
inter carrier interference (1Cl) are zero. However, if the carrier
frequency is misaligned by some amount d, some of the desired
energy is lost, and more significantly, inter carrier interference
is introduced. So it’s important to detect the frequency offset
that occur on the OFDM signal. The frequency offset-shift- can

be [6] [7]:

* Fine frequency offset: It’s a shift within one subcarrier
spacing.

= Coarse frequency offset: It’s a shift of multiple integer
number of subcarrier spacing.

1. CycLic-PREFIX-BASED FINE FREQUENCY OFFSET
ESTIMATION

There are a number of well-known methods that are used to
estimate the frequency offset, the most efficient of which is
based on exploiting time domain periodicity in the preamble.
For all OFDM systems, there is aways the periodicity
involving the cyclic prefix. However, as will be shown later in
the paper, there is a performance degradation if the system uses
the cyclic prefix(CP) periodicity in estimating the frequency
offset in frequency selective fading channels. That's one of the
main reasons preambles are periodic in OFDM based systems.
However, the preamble of the OFDMA mode of Mobile
WiMAX does not have a periodic portion if it is sampled at the
commonly employed Fast Fourier Transform (FFT) sampling
rate. The OFDM theory requires the addition of a CP at the
beginning of the OFDM symbol to allow the receiver to absorb
the delay spread due to the multipath much more efficiently and
to maintain frequency orthogonality. The CP occupies a
duration called the guard time and is a tempora redundancy
that must be taken into account in data rate computations. The

CP-based estimation technique depends on the repeated time
sampl es of the guard time. Asshown in Fig.2, The cyclic prefix
samples are compared to their repeated part of the preamble
OFDMA symboal in the form of a correlation in time domain
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Fig. 2. Cyclic-prefix-based frequency estimation.

The proposed symbol timing technique depends on the CP
nature of the OFDMA symbols. The incoming packet sides
over two windows separated by fixed distance. The size of each
window isthe same as the used CP. When the packet is detected,
the estimated start of the packet is shifted back and acorrelation
between the fixed windows is turned on for certain period
within which the maximum correlation gives an estimate for the
true symbol timing. Fig. 3 shows the illustration of this
technique.
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Fig. 3. Symbol timing technique.

The estimated frequency offset is proved by the following
equations[9]:

—1, = Sn.exp(j2wAfnTs) (D]
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If the number of time samples between the first time sample
of the guard band and its corresponding time sample inside the
OFDMA symbol is D= 1024 which is the complete FFT size,
Then to estimate the frequency offset, the following algorithm
may be applied:

z=YL4r(n) *r(n+D) 2
Where L isthe number of compared time samples, which must
be lower than the guard time. n isthe index time sample.

Then,
Z = Y1 S(n) exp(j2nAfnTs)[S(n D) exp(j2rnAf (n D)Ts)* (3)

and
Z = exp(j2nAfDTs) Y% |Sn|? 4

Then, the estimated frequency offset takes the form

1
2nDTs

Af = — angle(Z) (5)

The number of samples used for the estimation process is
chosen to belessthan half the guard band interval, starting from
the beginning of its second quarter, to avoid the transient part
affected by the channel. The complete guard band cannot be
used because the errors in timing synchronization may lead to
not exactly determine the start of the guard band. Taking more
samples did not improve anything in the simulation results. The
minimum number of correlation to give acceptable
performance is determined. The limitation in this estimator is
the angle (Z) which has the range from rr to—m.

—n < angle(Z) < m; (6)
-1 < 2nDTsAf < w; @)
-1 1
2DTs f < ZDTS; (8)
_2—’;5 <Af < £—;; (9)

—subcarrier spacing
2

subcarrier spacing

<Af < > ; (20
Where f's is the sampling frequency and D equals to the FFT
size = 1024 samples. The limitation on the angle from —rx to
7 makes it impossible for the algorithm to estimate the coarse

frequency offset which is multiple from the%, which meansitis

multiples of —m or 7.

Another conclusion from the implementation point of view
is that the use of this correlation based agorithm will alow a
hardware reuse as it’s the same correlation needed for symbol
start algorithm. Also both fine frequency estimation and
symbol start need the same basic operation, whichiscorrelation
[10]. To prepare the received preamble for correlation with

stored preambles, the following steps are executed:
1) The channel effect on the received preamble must be
reduced. This is done by multiplying each sample by

the conjugate of its predecessor with 3 samples apart.
For illustration, examine the following equation:

If Q(k) is the received preamble in frequency domain,
G(k) = R{Q(k)Q*(k — 1)}. This is on the assumption that
the angles added by the channel on each 2 consecutive active
subcarriers are nearly the same, then multiplying by the
conjugate eliminate the channel’s effect.
2) Incaseof using the second method hard decisionisto
be done toG (k).

After estimating the fine frequency offset through the angle of
maximum correlation - see equation (5) - compensating the
offset is through multiplying the preamble samples
by exp(j2mAfnTs) to correct the frequency offset.

However, there are some issues that should be noticed [11]:

(i) The efficiency of the estimator is directly proportional to
the length of the repeated part.

(it) The presence of multipath fading channel will

significantly reduce the accuracy of the estimator. The presence
of multipath will alter the cyclic prefix values of the preamble
with respect to the corresponding valuesin the symbol. Asa
result, one would either consider a shorter duration of the
preamble which will decrease the estimation accuracy or accept
the distortion caused by the fading channel.
(iii) The phase rotation between the identical samples used to
estimate the frequency offset should be in the range [-7, x),
otherwise angle Z will fold by multiples of 2z and the estimate
will beincorrect.

II. JOINT DETECTION OF INTEGRAL CARRIER FREQUENCY
OFFSET AND CELL SEARCH

This algorithm considers joint detection of integra CFO
and preamble index, under the assumption OFDM symbol
boundaries and fine frequency offset have been acquired to
reasonable accuracy. This assumption is valid with the timing
and fine frequency offset simulation results. Based on an
optimization formulation, a number of detection methods are
driven of different complexity and optimization methods. The
methods exploit the quasi-orthogonality among the OFDMA
WiMAX preamble sequences as well as the organization of the
nonzero subcarriersin the preambles [5]. Simulation results are
presented to illustrate the performance of the methods, see
section |V. Thisalgorithm detect the integer frequency offsetin
range [-9 9 frequency offset pins] by the correlation in
frequency domain between the received preamble -that is one
of the 114 preambles- and the 114 preambles stored in the
receiver. The max correlation indicates the most probable
preamble sent, and then we can use it to calculate the integer
frequency offset.

If the spacing of the nonzero subcarriersin the preambleis
much smaller than the coherence bandwidth of the channel,
then the channel responses at neighbouring preamble
subcarriers are approximately equal, mathematically, this can
be given by:

HK +1) = HK) + AH(K) (11)
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Where |AH(K)| « |[H(K)| and K is an index for nonzero
preamble subcarriers.

and,

R{Q(K)Q*(k — 1)} = R{H(k)Pj(k + mH"(k — DP (k + n —
D} = |AH(K)|?D;(k + n) (12)

Where,

Q (k) isthe received preamble in the frequency domain.

P;(k ) isthe stored preamble of index (j) in the frequency.
Dj(k)=P;(k) x P(k—1) Preamble (j) multiplied by a
shifted version of one active subcarrier

nis the integral frequency offset normalized to the subcarrier

spacing.

The normalized integral frequency offset means that
multiplying each active subcarrier by the conjugate of its
predecessor will cancel the channel-added phase and then we
can correlate the preamble patterns shifted by the expected
values of the integral carrier frequency offset and select the
maximum correlation as follows:

My = S0t Dy (k + mR{QUDQ" (k — 1)) (13)
Where R{Q(k)Q*(k @ — 1)} is caled the differential signal.
The estimated integral CFO and preamble index are given by:

(n,]) = argmax, My ; 14

It should be noted that, the coarse frequency offset is
usually estimated during the Cell-ID detection phase. Cell-1D
detection is used to detect the preamble sequence being
transmitted by the operating base station. Cell-ID detection is
usually performed after fine frequency offset detection and
correction. The Cell-ID detection block correlates the received
frequency domain signal with the possible sequences. The
correlators should take into consideration the possible shift, the
range of which is determined by the allowed frequency offset
defined in the standard. The Cell-ID detection block estimates
the coarse frequency offset value and the detected preamble
sequence [11].

V. ALGORITHMS SIMULATION RESULTS

This section provides a detailed explanation and discussion
of the simulation results of each algorithm. Those agorithms
are simulated in ideal, AWGN, and dispersive fading channel
with fixed point analysis. Each algorithm was simulated under
fixed point analysis with the minimum number of bits achieved
for each operation with acceptable performance. The
parameters used for simulation are tabulated in Table 1.

A. Cyclic-Prefix-Based Fine Frequency Offset Estimation

To compute the percentage of errors the following
conditions have been applied:
= Number of runs for x-axis = number of runs for y-axis
=1000 runs.

= The area of consideration (-fs /2 to fs /2) is estimated 500
times for each dB, where fsis subcarrier spacing.

= The upper line at 2% represents the end range of error
stated by the standard, for frequency offset error in
estimation.

TABLE
WiMAX OFDM Parameters

Symbol Description Relation Used value
B Nominal bandwidth B=1/Ts 0MHz
L Number o Szeof IFFTIFFT 1024
G Guard fraction % of L for CP 1/4
Fs Sampling frequency L/ r 11.2 MHz
Ts Sampletime Vg 89.2 nano sec
Ng Guard band Ng = GL 256
Tg Guard time Tg = TsNg 22.8 sec
T OFDM symbol time T = Ts(L+Ng) 114.2 sec
Bsc Subcarrier spacing Bsc = B/L 10.94 KHz.

As shown in Fig.4, Fig.5, Fig. 6 and Fig.7 the estimated error
percentage is less than half of the maximum allowed error ,this
means the cyclic prefix based fine frequency algorithm have
acceptable performance in frequency offset estimation.
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Fig. 4. Finefrequency offset estimation with different SNR under AWGN.
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Fig. 5. Finefrequency offset estimation with different 16-bit fixed point
analysis.
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Fig. 6. Fine frequency offset estimation with different 18-bit fixed point
analysis.
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analysis.

B. Joint-Based Coarse Frequency Offset Estimation

The following figures illustrate the performance of the
coarse frequency offset algorithm through histograms under
fading and AWGN. The conditions applied here are:

= Number of runs = 250 run.

= Number of integral carrier frequency offset tested = 6

= In these histograms, it’s taken into consideration to try
preambles of different segments, to make sure it works for
all 114 preamble patterns, thus different segments.

From the simulation result of joint based frequency coarse
offset figures shown below, when the algorithm is applied
under fading at 2 dB the estimated coarse frequency shift is
equal to 6. This means that the algorithm was accurate at 246
runs, thisisillustrated in Fig. 8 and Fig. 9. In Fig. 10 SNR was
increased to 10 dB and the performance increased to 250 runs.
Cell search results under fading at 2dB, 5 dB, and 10 dB are
given in Fig. 11, Fig. 12, and Fig. 13 respectively. The
preamble number is equal to 90 at both 246 and 250 runs.
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Fig. 8. Integral frequency offset estimation under fading at 2dB.

V. CONCLUSIONS

In OFDMA based mobile WiMAX, the receiver must aign
its carrier frequency as closely as possible to the transmitted
carrier frequency. In this paper, the fine and coarse frequency
offset estimation algorithms by using the packet preamble
structure adopted by the IEEE 802.16 standardization
workgroup have been presented and simulated. Joint detection
of the coarse frequency offset and the cell search under fading
and AWGN was obtained. The simulation results of these
algorithms accurately estimated the frequency offset in the
received frame. For future work, the whole transceiver system
of the WiMAX can be simulated and implemented applying the
same parameters. Also, the performance of these algorithms
can be tested under different types of noise and channels.
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