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Estimation of Frequency Offset in
TDMA-Based Satellite Systems
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ABSTRACT

It is required for correct signal detection to accurately maintain the synchronization of frequency and timing
in a TDMA system. In this paper, we consider nondecision-aided estimation of frequency offset for the
transmission of QPSK signal in a TDMA-based satellite system. The proposed scheme estimates the phases of
two parts in the burst and then estimates the frequency offset based on the difference between the two estimated
phases. Thus, it can provides performance comparable to that of conventional schemes, while significantly
reducing the implementation complexity. The performance of the proposed scheme is analyzed and verified by
computer simulation, when applied to a GSM based geostationary earth orbit mobile radio(GMR) system.

I. Introduction mobile radio(GMR) impose stringent requirements

on the frequency stability of receive oscillator

Time division multiple access techniques have because the frequency and timing of the received

widely been applied to satellite links and wireless signal are used as the reference for the
communications. Reliable data detection in time transmission of signalm].

division multiplexing access(TDMA) communication A number of works have been proposed for

systems strictly requires the synchronization of the carrier recovery[“_”. Most of the previous

carrier frequency/phase and symbol timing. TDMA works considered to the transmission of linearly

systems such as GSM or geostationary earth orbit modulated, burst-mode signal over additive white
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gaussian noise (AWGN) channel with/without the
use of training signal. The former schemes are
called data-aided (DA) estimation™ and the latter
called nondecision-aided (NDA)

schemes are

estimation” .

A maximum-likelihood (ML) scheme was proposed
for PSK signalsm, whereby a periodic training
sequence is recursively passed through a bank of
bandpass filters implemented in a form of discrete
Fourier transform. It adjusts the frequency spacing
so as to accurately estimate the frequency of
spectrum peaks of the input signal, but it requires
a large implementation complexity. To alleviate
the implementation problem, simplified schemes
were proposed by approximating the weight of the
autocorrelation function in the likelihood equationls’ﬂ.

As an NDA scheme, a sequence of samples is
obtained using differential symbol estimates that
cancel out the QPSK data modulation from the
received signalm. The average phase slope of this
sequence is proportional to the frequency offset in
QPSK signal. The cited phase slope is evaluated
and analyzed by a means of fitting technique[s].

In a TDMA communication system, a unique
codeword is often inserted in the burst for the
detection of logical channel, timing synchronization
and frequency synchronization. It would be desirable
to avoid the use of a long codeword particularly
when the transmission rate is low. The GMR
specification suggests the insertion of a short
codeword in each 5ms length burst for spectral
efficiency. It is required to use an NDA fre-
quency offset estimation scheme for frequency
synchronization in the GMR system.

The performance of NDA frequency offset
estimation schemes can be improved using a
modified DA technique, but it requires a large
implementation complexity. Thus, to alleviate the
implementation problem, we propose an NDA
scheme for the estimation of frequency offset
while providing error performance comparable to
that of the improved NDA schemes.

Following Introduction, Section II describes the
proposed frequency offset estimation scheme and
analyzes the performance. The performance of the

proposed scheme is evaluated when applied to the
GMR system in Section III. Finally, conclusions
are summarized in Section IV.

II. Frequency offset estimation

We consider the transmission of QPSK signal
over an additive white Gaussian noise(AWGN)
channel. Then, the output of the matched filter
can be represented as

h=cep{i(mMTi+ ) en, 0Si<L ()

where ¢, is QPSK symbol whose absolute value
is the unit, A/ denotes the frequency offset, T is
the symbol duration, ¢ is the carrier phase, L is
the burst length represented in terms of symbols,
and 7, is circular symmetric zero- mean complex
Gaussian noise. The variance of the real and
imaginary part of », is o> and the signal-to-noise
ratio (SNR) is defined as p=1/25".

2.1 Conventional frequency offset estima-
tion schemes

The frequency offset can be estimated in an

NDA scheme using a 4-th order power function

7]
as

@
where arg{z} denotes the argument of a complex
This
estimates the frequency offset by accumulating the

z taken in the interval [-m,x]. scheme
phase difference between the symbols in the
burst. It can provide a large operating range of
[Af|<[8TT", but it may not provide good perfor-
mance. Assuming that the frequency offset is
unchanged within the burst, the frequency offset
can be estimated by a linear increment of symbol

8
phase as"

(oo fome

where N=(L-1)/2

variance of the estimation error is given by

and «;=4arg(r;)mod2z . The

365



FFEA T E=FA] 064 Vol31 NodC

o}, =3[2'T’L(L’ -1)/c*] @)

This scheme somewhat improves the estimation
but it still needs further improvement.

DA frequency offset estimation techniques can
be applied to NDA frequency offset estimation
schemes. Assuming that 7 is the received training
signals, the frequency offset can be estimated by
approximating the weight of the autocorrelation

function in the likelihood equationls]

3 arg (R, (m)

YR ——
22Ty m (5)

where A,(m=Y\Tn(5.,). If # is a QPSK
modulated, (5) can be modified for NDA estimation

as

. arg{R,(m}
Af=mt— —
4-2zT ) m ©)

m=1

L-m 4

where Ry (m)=Y "r (r,;‘_,,,)‘. Here, a 4-th order
approximation is employed for the calculation of
autocorrelation function while eliminating QPSK
modulation. Thus, the phase difference in the
autocorrelation function corresponds to four times
of the actual phase difference. Another DA
estimation scheme was proposed to reduce the
implementation complexitym. The frequency offset
can be estimated by using a rectangular windowing
function instead a parabolic one for the auto-

. L I . 6
correlation function in the likelihood equation as®”

. 1 H
A= nT(M+1)arg{Z:'R(k)} )

‘ r(r,_,‘)./(L—k). If r QPSK

i=kal

where R(k)2)
modulated, (7) can be modified for NDA estimation
as

. 1 LN
& = 47rT(M+1)arg{§{R(k)} ®)
where k(k)éz,imr,-“(rf_;)./(L—k)~
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These modified DA schemes for the NDA
estimation can provide good error performance at
the expense of large implementation complexity
for the calculation of autocorrelation function.

2.2. Proposed frequency offset estimation
scheme
The frequency offset can be estimated from the

difference of two phases as

i 1 KN Rel *
Af:4.2ﬁDTarg{(mz=;(r””D)'[m§r”’J} ©)

where K represents the start point of the symbols

used for the estimation, D denotes the distance
between the two part of the burst, N denotes the
summation length for each part and

L=2K+N+D (10)

The variable K can be set zero to maximally
use the symbols for the estimation. It can be seen
from (9) that the operating range of the proposed
scheme is [Af|<[8DT]".

" For the analysis of performance, the received
signal can be represented using a 4-th order
function as

; 3 4
riA = [Ciej(Z”Aﬂ'+¢) + n,-:l

=5 +4s)n,+6s7n} +ds;n} +n! 1
where

= ¢ o 2TTi+0)
s, =ce’ ™ (12)

Here, s is the desired term for the estimation
of frequency offset and the remaining terms are

noise. Defining the noise term as
w, £4s’n, +652n} +4s;n} +n’ (13)
it can be shown that

E{w}=0
E{Re{w} -Im{w}}= E{Re{wi}}E{Im{Wi}} =0
ol =var[w,]=320" +2880" + 7680° + 3840°

var[Re{w;}]= var[Im{w}]= 0o’ /2 a4
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Thus, w; is a circular symmetric zero-mean

complex random variable with variance ©.. The
error variance £ {(A? —-4&f )2} of the estimator (9)

can be calculated when p>1 and 87AfTN «1,

¥ ¥

// L

| Burst I éBursl

N N

Fig. 1. Structure of the proposed estimation scheme

Letting

& & L 87AID (15)
gremem =(Z )(Z ) (16)

c287(A7-47)TD a7n

(9) can be written as

~ 2 1 2
E{(Af‘Af) }=(87rTD)2E{£ b

where

el ET

Letting @, 24-27AfT and Ag24.-27AfTD, it can
be shown that

e=arg {(e’“ F Wy +e O b g gl DR wlm,)

-(e‘j° W e by e eI )-e'j“}

= $ —- (N1, /2 sm(Na) /2) &
_arg{(N+2; (N m)cos(mma))+e sn(a,2) 2 Z

§ eI NVe2 sin(N o, /Z)Zw D+ZN:ZN‘,W DW}
i+, i+

sin(@,/2) 4 per iy

_ 1 Im{e”" e,z SIN(N @, /2)2
(N+22(N—m)cos(ma)a)) sin(@,/2)

m=1

o O S )

sin(w,/2) 4 P
20

Since high SNR assumed, www terms can be

neglected. If D2N, random variable w, are
independent identically distributed (i.i.d) with
characteristics (14). Thus, it can be shown that

NoZsin®(Nw,/2)/sin’ (@, /2)

(v 28 o mycosta, )) @

m=1

E{gz}s

On the other hand, if D<N, the (N-D)

- — N
terms of ¢* %Y " ' and €/ Dy Wip

=11
in (20) are overlapped as shown in Fig 1.
Because each of overlapped temrs is complex
conjugate, it has zero imaginary part. Since the
remaining {w} terms are iid., it can be shown
that

E{EZ}E Dot st(Na) /2)/sin* (@, /2)

(N + 22 (N —m)cos(ma, )J 22)

From (18), (21) and (22), we get

E{(Ai-Af)2}= 1__min(V, D)o} sin’ (8zA/TN/2)/sin’ (8zA/T /2)
(827DY [ N +2Z (N- m)cos(SIIAme))

(23)
where min(A,B) denotes the minimum of A and
B. It can be seen that the error variance is

related to the frequency offset Af.
On the other hand, when 87AfTN < 1. we have

[sin (87AfTN /2)/sin (87AfT [2)) = N*? (24)

Thus,
~ 2. 1 min(N,D)o?
E{(Af—Af) }= Gy W
=_mm<N,D)_(3 ENRE) i)
8(7rTND)2 o o 25)

Fig. 2 depicts the normalized error variance
(6.1,) as a function of # when L=112, K=0,
and Af=0. Solid lines represent the error
variance (25), while the symbols denote the
simulation results. It can be seen that the analysis
and simulation result agree well unless the SNR
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is very low.

Fig. 3 depicts the normalized error variance as
a function of N for three different values of
SNR. By differentiating (25) with respect to N,
the optimum values of N are L/3 and 2L/3.
The use of N=2L/3 provides an operating range
wider than the use of N=L/3 at the expense of
computational complexity. In what follows. we
consider the use of N=2L/3 unless stated
explicitly.

104-_

>ono
z
"
an
»

]
)
1

Normalized Error Variance ( o,T )*

=
(3

SNR (dB)

Fig. 2. Performance of the proposed estimation scheme
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g. 3. Dependence on N of the estimator performance

If. Performance evaluation

Fig. 4 shows a Rician channel model given by
the GMR specification. Then, the output of the
matched filter can be represented as

r,=caexp{j(2nATi+¢+6,)}+n, 0Li<L (26)
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Fig. 4. GMR channel model

where @, and 6, respectively represents the
magnitude and phase of Rician fading, and the
other terms are the same as in (1). The performance
of the estimator is performed in a logical channel
TCH3 (3-timeslot traffic channel) of the GMR
system, where T =42.Tus and L=112 symbolsp].

Fig. 5 and 6 compare the performance of the
proposed estimator with others at an SNR of
10dB in an AWGN channel. It can be seen that
the Chuang’s scheme (2) and the Bellini’s scheme
(3) provide a wide operating range, but suffer
from poor performance. It can also be seen that
the Fitz scheme (6) and the L&R scheme (8)
provide good performance. However, the Fitz
scheme has some weakness compared to the L&R
scheme at some frequency offset range mainly
due to the effect of phase ambiguity in the
arg{z} function. The performance of the proposed
scheme is similar to that of the Fitz scheme.
Both the Fitz estimator and the L&R schemes use

2L/3 for M. It can be seen that the proposed

scheme provides an operating range narrower than
the Chuang and Bellini schemes. However, it
provides a sufficient operating range for the
maintenance of frequency synchronization because
the frequency offset is reduced to a few Hz after
initial synchronization.

Fig. 7 and Fig. 8 depicts the performance of
the proposed estimator as a function of SNR in
the presence of 10Hz frequency offset in AWGN
and Rician channel with K =12 dB and 200 Hz
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Doppler frequency. It can be seen that the pro-
posed scheme provides performance similar to that
of the Fitz and the L&R scheme. However, when
the phase difference between the two part of the

S Eb/No=10dB

—-—--Bellini

C)
L

- -~ Luise
Proposed

Norm. Mean Estim. Freq. Offset
3
)

<

T
10°

=
=
s

Normalized Freguency Offset (AfT)

Fig. 5. Averaged performance of the proposed estimation
scheme
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T T
10* 10° 10?
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Fig. 6. RMS estimation error of the proposed estimation
scheme
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Fig. 7. RMS estimation error in an AWGN channel
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Fig. 8. RMS estimation error in a fading channel

burst is large due to the fading, the proposed
scheme may result in a large estimation error. On
the other hand, since both the Fitz and the L&R
schemes use all the phase difference between the
symbols from the autocorrelation function, they
can provide performance somewhat robust to fre-
quency offset due to the fading.

Table 1 and Fig. 9 compare the computational

complexity of the estimation schemes in consid-

Table 1. Comparison of the implementation complexity

Opt. value | Real mult. Real add.
Chuang 12L-1 10L-8
Bellini N =12 L L-1
Fitz M = 21/3 | 16L2/9-41/3 | 8L2/9-2L/3
Luise M =213 4L2/3+12L | 4L2/3+10L-4
Proposed N =213 8L+4 32L/4-3
~-~=- Chuang
10° —-—--Bellini

Mult. number
3
1

10°

T T
50 100

T T
150 200
L

T T
250 300

Fig. 9. The comparison of multiplication complexity
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eration, where the complexity for the angle calcu-
lation of complex symbol with arg(-) is not in-
cluded. It can be seen that the proposed scheme
significantly reduces the computational complexity
compared to other schemes.

IV. Conclusion

In this paper, we have considerd the estimation
of frequency offset in a TDMA-based satellite
system. We have proposed a new non-data aided
estimation scheme that estimates the frequency
offset based on the difference between the phases
of the two parts in the burst. The proposed
scheme requires complexity in proportion to the
burst length while conventional schemes require
complexity in proportion to the square of the
burst length. Thus, it can significantly reduce
computational complexity, while providing perfor-
mance similar to conventional schemes. Finally,
the performance of the proposed scheme has been
analyzed and verified by computer simulation
when applied to a GMR system.
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