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Abstract. The UMTS–FDD system, one of the members of the ITU
IMT–2000 third generation standard for terrestrial cellular systems,
employs pruned Golay sequences to enable initial synchronisation of the
mobile terminals to the network. In this paper a low complexity solution
for initial synchronisation is proposed, which is able to counteract
the performance degradation introduced by large frequency offsets
occurring in the mobile station receiver. Simulation results are provided
to validate the proposed solution.
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1 Introduction

The initial synchronisation is the process of a mobile station in a cellular CDMA
network getting synchronised in time to the (strongest) base station and acquir-
ing the scrambling code that base station uses for the downlink traffic channels.

To let the mobile get synchronised to the network, the UMTS–FDD system
[1] [2] provides two “bursty” pilot channels (“primary” and “secondary” synchro-
nisation channels) and a continuous pilot channel. In this paper we focus on the
“primary” channel which is based on the repetition of a non–scrambled Golay
sequence common to all cells and which is needed to perform slot synchronisation
(the first step of the initial synchronisation procedure, see [3]).

During the standardisation process particular attention has been paid to
the necessity of an implementation with requirements of low complexity and
of robustness to the frequency offsets, as low cost mobile stations in UMTS
systems may have large initial frequency offsets, up to 26 kHz [4]. In [4] [5] and
[6], algorithms which are able to counteract the effect of the frequency offset on
the initial synchronisation procedure are presented.

In this paper we propose another solution for slot synchronisation in the
presence of a frequency offset, which performs better than [4] in most cases. The
theoretical basis for our solution is a theorem, proven in this paper, according
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to which the Golay sequences rotated at the receiver by a frequency offset still
preserve the “Golay property”.

The paper is organised as follows. Section 2 describes the slot synchronisa-
tion procedure in the UMTS–FDD system. Section 3 demonstrates the previ-
ously mentioned theorem. Section 4 describes the proposed algorithm and its
performance. Conclusions are drawn in Section 5.

2 System Model

For purposes of the slot synchronisation (see [1] for full details), we model the
baseband representation of the signal received and sampled at the mobile station
at chip rate 1/Tc , Tc = 1/3840000s, as

xr(kTc) = Ach · e(2π∆fkTc+θ) · pSCH (((k − k0)modQ)Tc) + w̃(kTc) (1)

where

– Q = 2560; QTc is the time interval called slot in the UMTS specifications;
– Ach is a real value modelling a constant channel attenuation;
– ∆f is the receiver frequency offset and θ is an unknown phase;
– k0Tc is the time offset (unknown to the receiver): its estimation is actually
the target of slot synchronisation;

– w̃(kTc) is white Gaussian noise with variance σ2;
– pSCH ((kmodQ)Tc) is the primary synchronisation channel, common to all
UMTS base stations. The sequence

pSCH(kTc) =
{ 1√

2
1√
256

(1 + j) a(k) for 0 ≤ k < 256
0 for 256 ≤ k < Q

(2)

repeats every slot. a(k) is a pruned Golay complementary sequence generated
as follows:

a0(k) = δ(k) b0(k) = δ(k) (3)
an(k) = an−1(k) + Wn · bn−1 (k −Dn) (4)

bn(k) =
{
an−1(k) − Wn · bn−1 (k −Dn) n = 1, 2, 3, 5, 7, 8
an(k) n = 4, 6 (5)

a(k) = a8(k) (6)

with k = 0, 1, 2, . . . , 255, where

[D1, D2, D3, D4, D5, D6, D7, D8] = [128, 64, 16, 32, 8, 1, 4, 2] (7)
[W1,W2,W3,W4,W5,W6,W7,W8] = [1,−1, 1, 1, 1, 1, 1, 1] (8)

Let CNR be the ratio between the power of the primary synchronisation
channel and the power of noise, hence CNR = A2

ch/
(
256σ2

)
.

An efficient estimation of k0 can be obtained with the Budisin correlator (see
[7]) shown in Fig.1, applied with the following procedure:
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Fig. 1. Budisin correlator

1. letting L be the number of slots in a synchronisation time, calculate

m(n) =
∑L−1

�=0 |c ((n+ �Q)Tc)| n = 0, 1, . . . , Q− 1

where c (kTc) is the signal at the output of the correlator;
2. find n0 such that m(n0) ≥ m(n), n = 0, 1, . . . , Q− 1;
3. calculate k̂0 = n0 − 255.

3 Rotated Golay Sequences

Theorem 1. If the sequence a(k) is a pruned Golay complementary sequence
defined by the recursive equations (3), (4), (5) and (6), then the sequence
â(k) = a(k)e2π∆fkTc is a pruned Golay complementary sequence too (from now
on called rotated Golay sequence), which can be obtained from the recursive equa-
tions (3), (4), (5), and (6) with the substitution Wn �→ Ŵn =Wn · e2π∆fDnTc .

Proof. Equations (3), (4), (5) and (6) can be rewritten in the z–transform domain
as

An(z) = An−1(z) +Wn z−Dn Bn−1(z) (9)

Bn(z) =
{
An−1(z)−Wn z−Dn Bn−1(z) for n = 1, 2, 3, 5, 7, 8
An(z) for n = 4, 6 (10)

A(z) = A8(z) (11)

with the initial condition A0(z) = B0(z) = 1. Defining

ân(k) = an(k)e2π∆fTc (12)

b̂n(k) = bn(k)e2π∆fTc (13)

and substituting z �→ ze−2π∆fTc in (9), (10) and (11), we have that the sequence
â(k) can be represented, in the z–transform domain, by the recursive equations

Ân(z) = Ân−1(z) +Wne
2πDn∆fTc z−Dn B̂n−1(z) (14)

B̂n(z) =
{
Ân−1(z)−Wne

2πDn∆fTc z−Dn B̂n−1(z) for n = 1, 2, 3, 5, 7, 8
Ân(z) for n = 4, 6

(15)

Â(z) = Â8(z) (16)

with the initial conditions Â0(z) = B̂0(z) = 1.
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4 The Proposed Synchronisation Algorithm and Its
Performances

It is known that the usual synchronisation procedure, described in Section 2, is
very sensitive to frequency offsets. It can be shown (see [4]) that the signal-to-
noise ratio degradation in the output of the correlator matched to the sequence
a(k) is proportional to

sin2Nπ∆fTc

N sin2 π∆fTc

(17)

with N = 256. Hence the correlation peak vanishes at all when ∆f = ∆f± =
±1/NTc = ±15 kHz.

This consideration together with Theorem 1 lead us to propose the new
solution, depicted in Fig. 2, which uses three Budisin correlators, one matched
to the sequence a(k), one matched to a(k) · e2π∆f+kTc and one matched to
a(k) · e2π∆f−kTc . 1 The MAX block takes the sequences applied at its input,
determines the maximum in the set of all the values assumed by the sequences
and produces as an output the input sequence to which the maximum belongs.

xr(kTc)
Complex Budisin correlator Wn

c(kTc)
| | MAX

Complex Budisin correlator Wn+ | |
c+(kTc)

Complex Budisin correlator Wn− | |
c−(kTc)

Fig. 2. The proposed algorithm

Unfortunately the proposed synchronisation scheme has a higher imple-
mentation complexity than usual schemes because the coefficients Wn± are
e2π∆f±DnTc instead of simply ±1 and three correlators, instead of only one,
are used.

In order to reduce the implementation complexity we make the following
approximations for the coefficients of the upper and lower correlators:

Wm+ ≈ Wm (18)
Wm− ≈ Wm for m = 3, 4, 5, 6, 7, 8 (19)

1 Note that at the critical frequency offsets 0, ∆f+ and ∆f− one of the outputs of the
three correlators raises its maximum, while the others have there their minima.
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Fig. 3. Reduced complexity scheme

It can be demonstrated that these approximations have the correlators matched
to sequences rotated by a staircase phase instead of a linear increasing phase.
Taking into account the above assumptions, computations depicted in Fig. 2
can be re–organised as shown in Fig. 3 in a reduced complexity scheme. Note
that, while the single Budisin correlator (considering both in–phase and quadra-
ture components) needs 26 sums per output, the computations required by the
proposed algorithm in this simplified implementation are 34 sums per output.

The performance of the proposed algorithm in a flat fading channel with
9.26 Hz Doppler is shown in Fig. 4 with no frequency offset and with a 20 kHz
frequency offset. In both cases it is compared with the performances obtained
with a single Budisin correlator and with the algorithm described in [4] (indicated
with the label ”Wang-Ottosson”). The algorithm proposed in this paper shows
a very good performance both at 0 kHz and 20 kHz. The synchronisation error
is also plotted versus the frequency offset in Fig. 5 for both the algorithm in [4]
(indicated with the label ”W-O”) and the proposed method. Examined CNR
values are -21 dB and -13 dB. The proposed algorithm shows the best behaviour
for all the examined frequency range, except for the values around ∆f+/2.
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Fig. 4. First step performance with a 0 (a) and 20 kHz (b) frequency offset (L = 15)
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Fig. 5. First step performance in two different CNR conditions (L = 15)

5 Conclusions

We have presented an innovative method for the first step of the UMTS–FDD
initial synchronisation procedure which is able to counteract the degrading effect
of the frequency offset. The algorithm has a low complexity implementation.
Simulations indicate that it can offer a good performance for all the CNR and
frequency offset values of interest.
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