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Abstract—In this paper, an improved residual carrier frequency
offset estimation scheme is proposed for ultra-wideband multiband
orthogonal frequency division multiplexing (UWB-OFDM) systems.
The basic idea of our approach is based on the fact that two adjacent
OFDM symbols convey identical information in an UWB-OFDM
system. The mean square error of the synchronization scheme is
derived, and its simple expression is also calculated. Finally, simulation
results are demonstrated to verify the theoretical analysis in this paper.

1. INTRODUCTION

Ultra wideband (UWB) radio signals employ the transmission of
very short impulses of radio energy whose characteristic spectrum
signature extends across a wide range of radio frequencies [1-3]. A
traditional UWB technology is based on single-band systems employing
carrier-free communications [4-6]. Recently, multi-band orthogonal
frequency division multiplexing (MB-OFDM) systems have attracted
much research attention and have been adopted as standards for the
high-rate UWB physical layer [4].

In UWB-OFDM, frequency hopping is combined with OFDM for
high data-rate transmission over wireless channels. Although this
technique is very promising, the disadvantages of OFDM are also
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inherent in UWB-OFDM [8,9]. One of those limitations of MB-
OFDM is its sensitivity to frequency synchronization errors [5, 6]. Both
residual carrier frequency offset (CFO) and sampling frequency offset
(SFO) arise from by small differences in oscillator frequencies between
the transmitter and receiver, which causes time and subcarrier variant
phase rotations and fast Fourier transform (FFT) window shift. A
number of algorithms to combat the frequency error, which use pilot
subcarriers, are presented in [7, 8]. In the UWB-OFDM system [4], only
a few pilots are embedded for frequency tracking. Therefore, increasing
the accuracy of carrier-frequency estimation with the limited number
of pilots is one of the major concerns for the UWB-OFDM systems.

This paper proposes a CFO estimation algorithm by exploiting
the inherent repetition information of UWB-OFDM signals, thereby
both pilot and data symbols are used to estimate the frequency offset.
Analytical derivation and simulation for mean square error (MSE)
are provided. Based on the analysis and simulation, it is shown that
the proposed CFO estimator achieves better MSE performance at the
expense of the reduced estimation range, compared to a pilot-assisted
conventional estimator [7].

This paper is organized as follows: Section 2 describes the signal
model for the UWB-OFDM system. In Section 3, an improved CFO
estimation scheme is suggested for UWB-OFDM and its performance
is derived in terms of MSE. In Section 4, we then present simulation
results to verify the performance of the frequency estimator, and we
conclude this paper with Section 5.

2. SYSTEM MODEL

In the UWB-OFDM system, N complex symbols are modulated onto
N sub-carriers by using the inverse FF'T at the transmitter and N,
samples are zero-padded to form a guard interval. In the UWB-OFDM
system, both frequency domain spreading (FDS) and time domain
spreading (TDS) techniques can be used when the data is encoded
at the rate of 53.3 or 80 Mb/s. When the data is encoded at the
rate of 106.7, 160 or 200 Mb/s, only TDS technique is adopted. In all
transmission modes, a pair of two consecutive OFDM symbols denoted
by {Xoi(k), Xoi+1(k)} conveys the same information.

After compensating the carrier frequency offset with initial
packet /frame synchronization sequence [5, 6], residual CFO and SFO
may not be completely removed. Thus, after FF'T demodulation, small
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SFO Ay and residual CFO A, are presented in the received signal [9, 10]

Ropin(k) ~ SChiarn) (k) Xoppn (k)e??mFocarem &rt ME) Ao ) (21n) Ne /N
+W2[+n<k)7 OSI{)SNd—I—Np—l, n=20,1 (1)

where the symbol index [ ranges from —oo to oo, S is the log-normal
shadowing term, Xo;4,(k) is the OFDM symbol transmitted on the
k-th subcarrier at the (21 + n)-th symbol period, b(2l +n) € {1,2,3}
is the identification of the frequency band occupied by the (21 4+ n)-th
symbol, Cy914n) (k) is the channel frequency response incorporating the

time-invariant phase with zero mean and variance O'%« at the frequency
band b(2l +n), Ne = N + Ny, and Wy, (k) is a zero-mean complex
Gaussian noise term with variance O‘IQ/V.

In (1), N, is the number of pilot subcarriers, Vg is the number of
data samples in one OFDM symbol excluding the guard subcarriers,
M(k) is a mapping function from indice [0, Ny + N, — 1] to the
logical frequency subcarriers [—(Ng + Np)/2, (Ng + Np)/2] excluding
zero as specified in [4], and Ky211n) is a real constant depending
on implementations of carrier frequencies generation. In this paper,
assuming the carrier frequency synthesizer for mode 1 of the UWB-
OFDM system, [K1, Ko, K3] = [13/16,15/16,17/16] is considered [6].

3. CFO ESTIMATION SCHEME FOR UWB-OFDM

In order to estimate the frequency error with the help of data symbols,
a simple way of implementing a fine frequency estimator is suggested
in this section and its estimation performance is analytically derived.

3.1. Estimation Algorithm

The UWB-OFDM specification in [4] provides 10 different time-
frequency codes (TFC’s) from TFC1 to TFC10 and these codes provide
frequency hopping from a sub-band to another at the end of each
OFDM symbol. Figure 1 shows the transmitted signal when the UWB-
OFDM system uses TFC1 or TFC8. As shown in Figure 1, there is
the periodicity D; (measured in OFDM symbols) of the sequence of
the band-id pairs [b(2]), b(20 4 1)] occupied by two consecutive OFDM
symbols for a given band-hopping pattern or TFC. Therefore, we can
observe

[b(2l+m1D1), b(2l+m1D1 +1)] = [b(2l + szl), b(2l+ﬂ”L2D1 +1)] (2)

where m; and msy are integer-valued that meet mo > mj. Note that
the parameter D; depends on the TFCs, i.e., D; = 6 for TFCs 1~4
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Figure 1. Transmitted signals for TFC1 and TFCS.

and D; = 2 for TFCs 5~10 [4]. In order to estimate band-dependent
CFO as in (1), the proposed scheme exploits the periodic nature of the
band-id pairs.

For the transmission mode of UWB-OFDM that employs only
TDS, two consecutive OFDM symbols are symmetrically related to
each other by [4]

Xotrmpy+1(k) = Xg o Ny =k = 1) + 5 X3 p, (Nu — k= 1) (3)

where the subcarrier index ranges 0 < k < Ng+ N, — 1, m is

integer-valued, and lel/mel(k) are the real and imaginary parts of

Xoi+mp, (k), respectively. Note that the relation (3) is valid for both
pilot and data symbols. The subcarrier index 0 < k < Ng+ N, — 1
and definition of m or m; (i = 1, 2) will be used in the reminder of
this paper if not specified.

By wusing the relation between two consecutive symbols
Xot4mp, (k) and Xojrmp,+1(k), it is clear that

Xotympy (Nu = k = 1) Xorrmp, 41(k) = 5|1 Xotmp, (Nu =k = 1) (4)
where N, = Ng + Np. Denoting 0y (k) = (Kpq)Ar + M(K)Ag)l, we
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obtain

oty (k)= (=) Yrempy (Nu = k = 1)Yat 1, +1(k)
= B,e??Usismpy Wu—k=D+0seirmpy +1 (k)P 4 Woattmp, (k)(5)

where

Yortmpy4n(k) = Rortmpy4n(k)/Hyirmpyany (), n=0,1  (6)
is the compensated signal by the Aestimated channel, FE, =
| X1 1mp, (Ny — k — 1)]2, p = N./N, Hy14mp,)(k) is the estimate
of Hyoiympy)(k) = SChampy)(k), and Wamp, (k) is the noise
contribution caused by the additive noise and channel estimation (CE)
error. The operation in (6) is well known as one-tap frequency-domain
equalization [16]. Recalling from the definition of the mapping function
M (k) that M (k) + M (N, —k — 1) =0 [4], one can see in (5) that

Dy214mDy) (Nu =k = 1) + Iy214mD, +1) (k)
=Ky 214mDy) Ar (21+mD1) +Ky214mDy 41 Ar (20 +m Dy +1) +M(k) Ay(T)

which yields
T21+mD1 (k) — EsejQﬂ'[¢2l+mD1+M(k)As]p + W2l+mD1 (k‘) (8)
where ¢o11mp;, = Kp@iemp)Ar(20 + mD1) + Ky@i4mp,+1)Ar(20 +

We define a temporal correlation to derive the data-aided CFO
estimator for UWB-OFDM

T2*l+m1D1(k7)T2l+m2D1 (k) — Egej2w[¢2z+m2pl*¢21+m1D1]P 4 ng(k}) (9)
where the noise contribution Wy (k) is given by

W2l(k3) — Ese—j2ﬂ(¢2z+mlpl+M(k)As)PW2l+m2D1(k)
BTty A 1)

A W34y 1y () Wty s (). (10)
Based on (2), Kpoitm,p)) = Kp@iemepi) and Kyoipm,pi+1)

Ky(214msp,+1), and it follows that

D2+ms Dy — P2A+mr Dy = Dr[Kp(a11my D1) T Kp(211ma 1)) (2 —mi1) Dy

(11)
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which yields

T2*l+m1D1 (k)T21+m2D1 (k)
_ Es2€j27rAr[Kb(21+m1D1)+Kb(2z+m2D1)}(m2—m1)D1P + ng(ki). (12)

In an analogy to [7], an estimation of A, is now obtained by

Ny,—1
kZ:O £ {T2*l+m1D1 (k)T2l+m2D1 (k)} (13)

A~

" 20 NW[Kp2itmy py) + Kp(@4ms D1y (M2 — m1)Dip

with £ denoting the angle of the complex number. Finally, our
estimation of the residual CFO is obtained by averaging A, over all
possible pairs of band-id’s for a given TFC. As shown in Figure 1,
there are three different band-id pairs for TFC1~TFC4, while only
one band-id pair exists in TFC5~TFC10.

3.2. Performance Analysis

To derive the MSE of the proposed CFO estimator, we assume a perfect
channel knowledge at the receiver. Then, Tbj4m,,p, (k) in (8) can be
simply written by

TQl-‘rmiDl (k) = Es€j27r(¢2l+miD1+M(k)As)p [1 + WQl-‘,—miDl (k’)} , i = 1’ 92

(14)
where
W2l+miD1 (k)
_ (_j)XQH-miDl (N, —k —1)W2l+miD1+l(k)e—j27r19b(21+miDl)(Nu—k—l)p
EsHy@14m;p,+1)(k)
+(_j)le+ml—D1+1(k¢)W21+miD1 (Nu =k =1) jondyarsm;py+1) (R0
EsHy@14m;py)(Nu — k — 1)
+(_] W2l+miD1 (Nu —k— 1)W21+miD1+1(k) ‘ (15)
EsHy914m,0:)(Nu — k — 1) Hy914-m, D, +1) (k)
Note that 4« {T2*l+mlD1 (]{J)Tgl+m2D1 (k)} = 4 {T21+m2D1 (k)} —
L{Torym,p, (k)} and G2rymup, — P214mDy = Ar[Kp@igm,py) +

Ky214ms 1)l (m2 — m1)D1. By employing the approximation at high
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SNR [11], the error of the estimate can be simplified as

en = A — A,
N 1
27 Nu[Ky(214m1 Dy) + Kp(214mopy) (M2 —ma1)Dip
Ny—1 Ny—1
k=0 k=0

Based on E{VV;%JFmID1 (k)} = E{Wngszl(k:)} = 0, then, the MSE of

CFO estimator can be expressed as

1 2
E{leal? z< >
{| al } 27 Nu[Ky(211my Dy) + Kp(@14mgpy)) (M2 —m1)Dip
Nu—1 Q 2 Q 2
53 [E {\WQHmQDl (b) }+E { W2, )] H (7)
k=0

Since we assume that Hpygym,p,)(Nu — k — 1) and Hyim,p,) (k)
are highly uncorrelated in frequency in (15) even when TFCs 3~7 are
used [10], after simple manipulation, the variance of the noise in (15)
is given by

{0} = 2 e
241Dy Es [Hp@ipm;py)(Nu — k — 1)]?
4
oW 1 1
vt e |
AE? | Hy(914m, D) (Nu — k — 1) | Hy(214-m, Dy +1) (k)2
1 a2, 1 a2, \\*
- _E “min _ E “min i=1,2 18
5o (5) - e {2 (22)} "
where 7 = 02 E/c%, is the average signal-to-noise ratio (SNR),
S = E{|S|’} ~ 1.04dB, Ei(a) = [F“ale®dz (a > 0)

is the exponential integral, and the probability of the amplitude
|Co(214-m; D) (k)| exceeding a specific minimum level ap, is given by
e~%min/9¢. Here, we assume that |Cy(214-m,;0,) (k)| has the Rayleigh
distribution as obtained in [10-12].  When a2, /o2 = —30dB,
for example, the 99.9% level of Rayleigh fading could be achieved.
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Substituting (11) into (10) yields

1
E{|€A|2} ~ __
212 Nu[Kp(214my D) + Kb(214mepy)|? (M2 — m1)2D3 p2S5

a?. 1 a?. 2
E 71'1’111’1 I E 7m1n . 19
(5) v {m (53)) 1)

It is noted that the performance enhancement of the proposed
estimator is proportional to the increase of mo — my, while the
estimation range is inversely proportional to the increase of mo — my.

4. SIMULATION RESULTS

In this section, extensive simulations are performed to verify the
accuracy of the MSE analysis. In our simulations, 200 Mb/s UWB-
OFDM system with N = 128, N, = 112, and A; = +20 ppm is chosen
according to the UWB-OFDM specification, while A, is assumed to be
20% for £20 ppm frequency tolerance [4]. The UWB channel models
(CMs) are used for simulations [13] and a simple least square (LS)
channel estimator is adopted. As a reference, we consider a pilot-aided
conventional CFO estimation scheme developed in [7]

NP
. ;z{Rzl<ki>Rzz+mD2<ki>} 0)

21 Np Ky 21y D2p

where N, = 12 is the number of pilots and D5 is the minimum distance
between non-zero identical parts of the pilot symbol transmitted in
the same frequency band. Similarly, an average estimation over the
different bands {b(2{)} is applied, depending on the type of TFCs. To
fairly evaluate the conventional and proposed approaches, mo —mj =
m = 1 and Dy = D5 is adopted so that (mg — m1)D; = mDsy in the
following examples.

Figure 2 plots the average estimate, E[Ar], versus normalized
CFO A, as obtained with the two estimators under no additive noise
in CM1. As shown in Figure 2, the estimates are practically unbiased
within the allowed range around A, = 0, and reveals that error
variance of the proposed algorithm is almost flat in the allowed region,

ie., E[A,] = A,. As expected from (13) and (20), it is evident that
the estimation range of the proposed CFO estimator is shortened by
a factor of max[Kyoi4m, py) + Kp(2i4msDy)]/max[ Koy, compared to

that of the conventional scheme [7].
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Figure 2. Average estimate of the CFO estimators in CM1.

Figure 3 presents the MSE performance of the proposed CFO
estimator in CM1 when the receiver has perfect knowledge of the
channel. In this example, a?nin /U% = —30dB is assumed. From this
figure, we can observe that the MSE by simulation shows negligible
difference with that of analytical derivation at the high SNR region.

The MSE performance of the CFO estimators in CM1 and CM2
is depicted in Figure 4 when LS estimation is used in (6). Although
the signal is transmitted at one frequency band in the case of TFCs
5~7, the conventional scheme is designed to have the average estimate
over two temporal correlations with each having Dy distance since the
proposed scheme uses four OFDM symbols for synchronization. When
compared to the conventional method in [7], the proposed method gives
an improved estimation performance in terms of MSE. In comparison
with the case of perfect CE as shown in Figure 3, it is observed that
the performance of the proposed scheme gets worse at low SNRs when
TFC1 is used. This is due to the fact that the estimation range in the
case of TFC1 is much smaller than that in the case of other TFCs as
confirmed by Figure 2, thus its performance becomes sensitive to the
additive noise and channel estimation error. Performance improvement
in CM3 and CM4, which is more dispersive than CM1 and CM2, is also
observed in Figure 5.
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Figure 3. MSE performance of the proposed CFO estimator versus
TFC in CM1.
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Figure 4. MSE performance of the CFO estimators versus TFC
in CM1 and CM2: (1) solid lines — proposed, (2) dashed lines —
conventional.
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Figure 5. MSE performance of the CFO estimators versus TFC
in CM3 and CM4: (1) solid lines — proposed, (2) dashed lines —

conventional.

5. CONCLUSION

In this paper, we considered the issue of residual CFO estimation
for an UWB-OFDM system. The estimation performance has been
studied through the MSE analysis and a simple expression for the MSE
has been obtained when the channel estimation is perfect. The error
performance of the proposed estimator was compared with that of the
conventional estimator. We also showed that the frequency estimator
with the help of pilot and data symbols can be efficiently implemented
in the UWB-OFDM system.
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