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Abstract—This paper suggests a pilot-less residual carrier frequency
oﬀset (CFO) estimator for ultra-wideband orthogonal frequency
division multiplexing (UWB-OFDM) systems. The basic idea of our
approach is based on the fact that two adjacent OFDM symbols
carry the identical information in the UWB-OFDM system, thus
removing the need of pilot symbols. To demonstrate the eﬃciency
of the proposed pilot-less CFO estimator, analytical expression of the
mean square error (MSE) is reported and comparisons are made with
the conventional pilot-aided CFO estimator in terms of MSE and
throughput.

1. INTRODUCTION
The ultra-wideband (UWB) technology is one of the most innovative
and promising wireless means to enable cable-less transmission of highspeed data between close-by nodes [1–4]. The WiMedia Alliance has
deﬁned the inter-operability standards for UWB communication [5].
The work of the WiMedia Alliance has focused its eﬀorts on providing
increased capability to enable new high-rate wireless applications.
There has been explosive adoption of UWB technology in the various
wireless applications [6–10]. A particularly interesting potential
WiMedia application is short-range wireless video transmission.
Uniquely, the availability of broad spectrum in UWB communication
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provides an unequalled advantage for high-performance and highcapacity wireless video networks [6]. Current wireless video solutions
such as Wi-Fi do not have the bandwidth to accommodate highdeﬁnition (HD) or AVC/H.264 video streams, which require a
minimum of 20 Mbps each. UWB can oﬀer data-rates exceeding those
that are required to convey high quality broadcast video and new
features such as watching broadcast quality video over a broadcasttype wireless link will enable multimedia presentation in education,
libraries, advertising, or have a wireless connection at home [11, 12].
High-rate UWB is an orthogonal frequency division multiplexing
(OFDM) system designed to deliver data rates between 53.3 and
480 Mbps in pico-environments. In the WiMedia UWB system,
frequency hopping (FH) and OFDM are used for high data-rate
transmission, however this combination of FH and OFDM makes
carrier frequency oﬀset (CFO) a considerable problem [13, 14].
Even though most systems compensate the frequency oﬀset with
initial training sequences, there might still be a residual CFO. The
uncompensated residual CFO can cause inter-carrier interference (ICI)
and large signal constellation rotation. So it must be compensated,
otherwise it would lead to degradation in system performance [15, 16].
A number of algorithms to remove the eﬀect of CFO are presented in
the literature using pilot subcarriers [13–20]. In the current WiMedia
UWB system, only a few pilots are embedded in one OFDM symbol
for frequency tracking. As a result, the major challenge in the UWB
systems is to increase frequency estimation accuracy with the limited
pilots.
In this paper, we present a ﬁne synchronization receiver with algorithm for tracking of residual CFO for UWB-based video transmission
applications. In order to design an improved synchronization receiver
without the use of pilot symbols, some modiﬁcations on the current
WiMedia UWB system are introduced. It is found that a slight modiﬁcation leads to improved estimation performance in comparison with
the traditional pilot-aided synchronization scheme. Since we save the
pilots for synchronization, the throughput of the system is also increased. In order to show the usefulness of the proposed scheme, it is
applied to H.264 based video communication system.
This paper is organized as follows: Section 2 describes the signal
model for the UWB-OFDM system. In Sections 3, a pilot-less ﬁne
frequency estimation algorithm is suggested for UWB-OFDM system
and its performance is reported in terms of mean square error (MSE).
The simulation environment and detailed results are discussed in
Section 4. Finally, conclusion are drawn in Section 5.
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2. SYSTEM MODEL
Consider the UWB-OFDM system using N points of IFFT and Nzp
zero-padded suﬃx. The transmitted baseband signal for the n-th
sample of the l-th OFDM symbol xl (n) can be simply expressed as
1
xl (n) = √
N

−Nn /2



1
Xl (k)ej2πnk/N + √
N
k=−N/2+1



N/2−1

Xl (k)ej2πnk/N

k=Nn /2

(1)
where Xl (k) is the non-zero symbol transmitted on the k-th subcarrier
and Nn is the number of null subcarriers.
At the receiver, we assume that the symbol timing error is
perfectly compensated. Taking into account the small CFO, the
received OFDM symbol after FFT demodulation becomes [19][21]
Rl (k) = Gl Xl (k)ej2π∆l(N +Nzp )/N

sin(π∆)
Hl (k) + Il (k) + Wl (k)
N sin(π∆/N )
(2)

where Gl is the lognormal shadowing term, Hl (k) is the channel’s
2 incorporating the
frequency response with zero-mean and variance σH
time-invariant phase term, Wl (k) is a zero-mean complex Gaussian
2 during the l-th symbol period, ∆ is the
noise term with variance σW
CFO relative to the inter carrier spacing, and Il (k) is the ICI term. In
Eq. (2), the ICI caused by small CFO can be omitted, since its power
is very small compared with the additive noise power [21]. So, Eq. (2)
can be simpliﬁed into
Rl (k) ≈ Cl (k)Xl (k)ej2π∆l(N +Nzp )/N + Wl (k)

(3)

with denoting Cl (k) = Gl Hl (k).
3. PILOT-LESS FINE FREQUENCY
SYNCHRONIZATION RECEIVER
In order to estimate the frequency error without the use of pilot
symbols, a simple way of implementing a ﬁne frequency estimator is
suggested in this section and its estimation performance is analytically
derived.
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3.1. Synchronization Algorithm
The current UWB-OFDM system provide time domain diversity by
time-domain spreading (TDS) and frequency domain diversity by
frequency domain spreading (FDS). Both FDS and TDS techniques
shall be used when the data unit is encoded at a data rate of 53.3
or 80 Mb/s. When the data unit is encoded at data rate of 106.7,
160 or 200 Mb/s, only TDS technique is adopted. In this paper, we
consider the UWB-OFDM system using only TDS for high-rate data
transmission.
When the UWB-OFDM system is equipped with only TDS, in
order to derive a pilot-less ﬁne frequency estimator, the (l + 1)-th
OFDM symbol is modiﬁed into
Xl+1 (k) = Im{Xl (−k)} − jRe{Xl (−k)}

(4)

where Re{x} and Im{x} denote the real and imaginary parts of x,
respectively. It is noted from Eq. (4) that xl+1 (k) can be eﬀortlessly
obtained from xl (k) without additional IFFT operation. At the
receiver, the equalized signal is given by
Rl (k) = Rl (k)Ĉl∗ (k)

(5)

where Ĉl (k) is the estimate of Cl (k). Using the TDS property which is
provided in the UWB-OFDM system, the ﬁne frequency estimator is
based on post-FFT temporal correlation by using Nu = N − Nn − Ng
non-zero data symbols, where Ng is the number of guard subcarriers.
By using the relation between two consecutive symbols Xl (k) and
Xl+1 (k) in Eq. (4), one can ﬁnd that Xl∗ (k)Xl+1 (−k) = (−j)|Xl (k)|2 .
When we consider the non-zero signal samples excluding the guard
subcarriers in the UWB-OFDM system, a temporal correlation is
devised to has the form
Tl (k) = jR∗l (k)Rl+1 (−k), k ∈ S0 ∪ S1

(6)

where S0 denotes the set of subcarrier indices in the left half k ∈
[−(N − Ng )/2 + 1, −Nn /2] and S1 denotes the set of indices in the
right half k ∈ [Nn /2, (N − Ng )/2 − 1]. The temporal correlation is
further derived by
Tl (k) = |Gl |4 |Hl (k)Hl+1 (−k)|2 |Xl (k)|2 ej2π∆(N +Nzp )/N + Ŵl (k)
+ α1 Il 1 (k) + α2 Il 2 (k) + α1 α2 Il 3 (k)

(7)

where Ŵl (k) denotes the additive noise component, αi = Ĉl+i−1 (k) −
Cl+i−1 (k), αi Il i (k) is the noise term due to the imperfect channel
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estimation (CE), and the product of two estimation error terms
α1 α2 Il3 (k) are negligible at the high SNR. In Eq. (7), the noise
contribution Ŵl (k) reads
∗
Ŵl (k) = j|Gl |3 |Hl (k)|2 Hl+1
(−k)Xl∗ (k)Wl+1 (−k)

+ j|Gl |3 |Hl+1 (−k)|2 Hl (k)Xl+1 (−k)Wl∗ (k)
+ j|Gl |

2

(8)

∗
Hl (k)Hl+1
(−k)Wl∗ (k)Wl+1 (−k),

and CE-induced noise terms {Il i (k)} are given by
Il 1 (k) = |Gl |3 Hl∗ (k)|Hl+1 (−k)|2 |Xl (k)|2
∗
+ j|Gl |2 Hl∗ (k)Hl+1
(−k)Xl∗ (k)Wl+1 (−k)

+ j|Gl |2 |Hl+1 (−k)|2 Xl+1 (−k)Wl∗ (k)
∗
(−k),
+ jGl Wl∗ (k)Wl+1 (−k)Hl+1

(9)

and
Il 2 (k) = |Gl |3 |Hl (k)|2 Hl+1 (−k)|Xl (k)|2
+ j|Gl |2 Hl (k)Hl+1 (−k)Xl+1 (−k)Wl∗ (k)
∗
+ j|Gl |2 |Hl (k)|2 Xl∗ (k)Wl+1 (−k) + jGl Wl (k)Wl+1
(−k)Hl (k)
(10)

where we omit the phase-rotated term due to ∆ because the statistical
property of Ŵl (k) and Il i (k) is untouched.
Since E{Ŵl (k)} = 0 and E{αi Il i (k)} = 0, it follows that
 {E [Tl (k)]} = 2π∆(N + Nzp )/N

(11)

where  is the angle operation. For relatively large Nu , the proposed
ﬁne frequency estimator is based on the cumulative phases of Tl (k) on
negative and positive subcarriers given by




φl,i = 
Tl (k) , i = 0, 1.
(12)


k∈Si

Similar to [18, 19], by using Eq. (12), the ﬁne frequency estimator takes
expression
ˆ =
∆

φl,0 + φl,1
N
.
2π(N + Nzp )
2

(13)
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3.2. Performance Analysis
To demonstrate accuracy of the proposed frequency estimator, we
derive the error variance. In an analogy to [18][19], denoting ρ =
ej2π∆(N +Nzp )/N and making use of tan(a + b) ≈ tan(a) + tan(b), we
obtain








Tl (k)ρ
Tl (k)ρ
Im
Im




k∈S0
k∈S1
ˆ




4π(∆ − ∆)(N + Nzp )/N ≈
+




Re
Tl (k)ρ
Re
Tl (k)ρ




k∈S0

k∈S1

(14)
with
Re







Tl (k)ρ

k∈Si

=



≈



|Gl |4 |Xl (k)|2 |Hl (k)Hl+1 (−k)|2
(15)

k∈Si

Nu
E{|Gl |4 }E{|Xl (k)|2 }E{|Hl (k)|2 }E{|Hl+1 (−k)|2 }.
2

So, the error of the estimate has the form:



 
Im
Ŵl (k) + α1 Il 1 (k) + α2 Il 2 (k) ρ


k∈S0 ∪S1
ˆ −∆= 1
∆
2πλ Nu E{|Gl |4 }E{|Xl (k)|2 }E{|Hl (k)|2 }E{|Hl+1 (−k)|2 }
(16)
where λ = (N + Nzp )/N . Since E{Ŵl (k)} = 0 and E{αi Il i (k)} = 0,
the variance of the noise contribution in Eq. (16) is given by
 2

2
1
2
E Im Ŵl (k) + α1 Il (k) + α2 Il (k) ρ
σN =
k∈S0 ∪S1

= Nu E

Im

1

2

Ŵl (k) + α1 Il (k) + α2 Il (k) ρ

 2

(17)
.
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The MSE of ﬁne frequency estimator can be obtained after some
straight forward calculations


1
2B3
1
2
ˆ
= 2 2
E ∆−∆
+
2
4π λ Nu SNR · B2
2SNR2 · B2
  (18)

B3
1
1
B1
2
+ E{|αi | }
+
+
+
B22 2SNR2 · B2 SNR · B2 2SNR2 · B22
2 E /σ 2 , E = E{|X (k)|2 }, B = E{|G |2 }, B =
where SNR = σH
s
s
1
2
l
l
W
4
E{|Gl | }, and B3 = E{|Gl |6 }. When the least square (LS) channel
estimation is used, E{|αi |2 } = 1/SNR.

4. SIMULATION RESULTS
In this section, extensive simulations are performed to verify the
accuracy of the MSE analysis. In our simulations, 106.7 Mbps UWBOFDM system with N = 128, Nn = 6, Ng = 10, and Nzp = 37
is considered. Here, the UWB channel model (CM) that has been
contributed in IEEE 802.15.SG3a is used in [22] and 104 realizations
of each UWB channel model are used, one realization being applied
along the frame duration. In this paper, we consider a pilot-aided
estimator developed in [21] as reference, which only uses Np = 12 pilot
symbols put in subcarriers k ∈ {−55, −45, · · · , −5, 5, · · · , 45, 55} [5].
1E-002

Perfect CE (analysis)
LS CE (analysis)
Perfect CE (simulation)
LS CE (simulation)

1E-003

MSE

1E-004
Pilot
1E-005
Pilot-less
1E-006

1E-007
5

10

15

20

25

30

SNR [dB]

Figure 1. MSE performance of ﬁne frequency estimators.
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Figure 1 shows the MSE performance of ﬁne frequency estimators
in CM1. Here, we assume that the residual frequency error ∆ is
assumed to be 25% for ±20ppm frequency tolerance [5] and Nn = 112
non-zero data symbols are used for the pilot-less CFO estimation.
When compared to the conventional method, the proposed method
gives an improved estimation performance. The SNR diﬀerence
between LS and perfect channel estimations is 3 dB. Therefore, one
can expect that a sophisticated channel estimation scheme additionally
improves the performance [23, 24]. More importantly, it is apparent
that the theoretical results of ﬁne frequency estimator according to
Eq. (18) match with the simulation results very well with the increase
of SNR.

Throughput [Mbps]
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Figure 2. Throughput performance of ﬁne frequency estimators.
In Fig. 2, the throughput performance of ﬁne frequency estimators
in CM1 is depicted. In this example, the results were based on a
packet size of 1024 bytes and one-tap equalization is used. We can
ﬁnd that the pilot-less estimator gives very accurate performance,
and it gives the almost same performance to perfect estimation
case. When compared to the pilot-aided estimation method, the
proposed UWB-OFDM receiver with pilot-less estimation provides
approximately 12% throughput enhancement because we save the
pilots for synchronization. However, the computational burden is
increased by using all non-zero data information.
Figure 3 presents the average peak signal-to-noise ratio (PSNR)
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Figure 3.
Average PSNR video quality of the UWB-OFDM
synchronization receivers.
performance of the UWB-OFDM receiver with the pilot-less ﬁne
frequency estimator. In this example, LS channel estimation and onetap equalization are used. The test video data is ballroom sequence
whose resolution is 640 × 480. In this simulation, the structure of GOP
is “IPPPP· · · PIPP· · · ”, where the size of GOP is 11, i.e., 10 P pictures
are encoded between I pictures. With the help of 12% throughput
enhancement in the pilot-less synchronization receiver, each I picture
is transmitted repeatedly two times. The video codec used in this
simulation is JM13.2 version. In order to check the usefulness of
the proposed scheme, the average PSNR’s of the encoded images are
evaluated with respect to the original sequences at various SNRs,
where the PSNRs are averaged values after simulations are repeatedly
performed more than 100 times. As shown in Fig. 3, the PSNR’s of
the images resulted from the proposed pilotless scheme is much higher
than those from the conventional system. It implies that the proposed
algorithm increases the eﬃciency of the video communication system.
Figures 4–6 show the MSE and BER performances of ﬁne
frequency estimators when CM2∼CM4 are used, respectively. The
MSE and BER performances in CM2 are approximately parallel to
these in CM1. When the system is encountered with high dispersive
UWB channels CM3 and CM4, the error ﬂoor for all estimators can
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Figure 4. MSE and BER performances of ﬁne frequency estimators
in CM2: (1) solid lines - perfect CE (2) dashed lines - LS CE.
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Figure 5. MSE and BER performances of ﬁne frequency estimators
in CM3: (1) solid lines - perfect CE (2) dashed lines - LS CE.
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Figure 6. MSE and BER performances of ﬁne frequency estimators
in CM4: (1) solid lines - perfect CE (2) dashed lines - LS CE.
be observed because the delay spread of the channel is relatively
longer than CM1 and CM2, which causes the inter-symbol interference.
However, the performances of the proposed pilot-less estimator in CM3
and CM4 are also enhanced and come close to perfect estimation
case, with the comparison with these of the pilot-aided conventional
estimator.
5. CONCLUSION
In OFDM-based wireless UWB systems, a residual frequency oﬀset
introduces time and subcarrier varying phase rotations, which seriously
degrade the performance of the systems. In this paper, we addressed
the problem of estimating the residual frequency error for UWB-based
wireless transmission systems without the aid of pilot information.
Analytical expression of the MSE of the ﬁne frequency synchronization
scheme was derived and simulation results veriﬁed the accuracy of our
MSE analysis.
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