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Abstract — A dynamic phase and frequency recovery (DPR &
DFR) is proposed for power reduction and performance
improvement. By the DPR, signal sampling rate is reduced from
Nyquist rate (or higher) to the symbol rate, resulting in reduced
ADC circuit power. By the DFR, data is recovered from
less-interfered signals. In the MB-OFDM UWB system, the
simulations show that the system improves 2.3 dB SNR and reduce
43.75% ADC power consumption with the proposed techniques.

Index Terms—phase-frequency recovery, OFDM.

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) is widely
applied in high-speed wireless communication systems [1-2].
Unfortunately with the nature of OFDM, it is sensitive to non-perfect
synchronization in terms of sampling clock phase and frequency offset,
which leads to serious system performance degradation. Several
techniques have been proposed to improve the synchronization
performance, which can be found in interpolation [3-4] and
decision-directed approaches [5] for sampling phase and frequency
recovery, respectively.

Low power consumption is required especially in wireless personal
area network (WPAN) [1] and portable devices. In the interpolation
approaches, however, received signals are sampled by Nyquist or even
higher rate, resulting in large analog-to-digital converter (ADC) circuit
power and dominating the overall system power dissipation. It is
shown in Fig. 1 that ADC power is about twice as the sampling rate is
doubled.

To meet the system power limitation [1] and reduce the power
consumed in an ADC circuit, a dynamic phase recovery (DPR) is
proposed to drive the ADC circuits sampling in the symbol rate with
the aid of a phase-tunable clock generator (PTCG), which searches the
best sampling phase in the received signals. To maintain the searched
clocking phase without drifting due to clock frequency offset, a
dynamic frequency recovery (DFR) accompanied with a
frequency-tunable clock generator (FTCG) is also proposed to
improve the data recovery performance opposing to the
decision-directed signal recovery from noise interfered data [5].

In the following of this paper, we first define the signal model in
Section II. Then the proposed dynamic phase and frequency recovery
is described in Section

�
. The simulation results will be presented

afterwards, followed by the conclusion.
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Fig. 1. ADC sampling rate to its power consumption.

II. SIGNAL MODELING

At the transmitter, the OFDM baseband signal, which is the output
of the N-point inverse fast Fourier transformation (IFFT), can be
expressed in the form:
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where ,l nx is the discrete baseband signal of the l-th symbol at the n-th

sample instant and ,l kX is the transmitted symbol at k-th subcarrier.

After a digital-to-analog converter (DAC), the continuous signal is
described by
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where ST is symbol period. To meet spectrum mask requirements, a

pulse shaping filter )(tfT is required in the transmitter. In the receiver,

an analog filter response )(tf R is applied to keep the transmitting

signal from environment interference to maintain high signal-to-noise
ratio (SNR). Thus the received signal is written as

( ) ( ) ( ) ( ) ( ) ( )R T T Rx t x t f t h t f t w t= ∗ ∗ ∗ + (3)
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where ( )h t is channel impulse response and )(tw is additive white

Gaussian noise (AWGN). Assume there are sampling phase offset ε
and the sampling frequency offset ζ , the signal after ADC is modeled

as

, , [ ] ( ) [ ( ) ]R R R
t

x n x t t n Tε ζ δ ε
∞

=−∞

= ⋅ − −� (4)

| | 0.5ε <

where the receiver sampling period is defined as 1R ST T ( )ζ= + and

)(tδ is Diract delta function with the definition
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After FFT, the received symbols are described by (6) in [7].
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where l ,kH is the channel frequency response at k-th subcarrier, uT is

the useful data portion, l ,kW is the additive white Gaussian noise and

the ;l ,kNζ is additional noise due to clock sampling frequency error at

l-th symbol and k-th subcarrier. The overall signal modeling is
illustrated in Fig. 2.
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Fig. 2. OFDM system signal model.

III. DYNAMIC PHASE AND FREQUENCY RECOVERY

With the receiver ADC sampling clock phase and frequency offset,
the received data is shown in Fig. 3. With the assumption of ADC
sampling phase offset ε , the dash lines represent the sampled data in
Fig. 3(a). We apply DPR to recover the optimal sampling phase. In Fig.
3(b) with the assumption that DPR has been done and there is
sampling frequency offset ζ , the sampled data is represented by the
dash lines. We see that as the symbol index increases, the timing error
increases, and this will make the adjusted optimal sampling phase drift
away. So we apply DFR to recover the optimal sampling frequency.

ε ε ε ε

R
x

R
x

R
x R

x

(a)

sTζ
2 sTζ 3 sTζ

R
x

R
x

R
x

R
x

(b)
Fig.3. The diagram of the received data with (a) ADC sampling phase offset
and (b) sampling frequency offset.

A. Dynamic Phase Recovery (DPR)

ADC clock sampling phase offset will result in worse system
performance, thus the DPR is applied to recover clock sampling phase.
Since we want to keep the ADC sampling rate as the same as symbol
rate and also reconstruct the received data with optimal sampling
phase, a phase tunable clock generator is required to dynamically
adjust the ADC sampling clock phase. The repeated preamble can be
used to search the optimal sampling phase. Suppose the transmitter
pulse response and receiver analog prefilter are considered as an
equivalent response

( ) ( ) ( )T Rf t f t f t= ∗ (7)

and let [ ] [( ) ], 0 0.5sf n f n Tε ε ε= − ≤ ≤ , ε represents the ADC clock

sampling phase offset. The optimum sampling phase optε is defined that

makes a maximum ratio of signal to inter-symbol interference power
ratio (SIR), as written in equation (8).
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The normalized received data power can be expressed as

2 22
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where 2
wσ is the noise power. Equation (9) can be arranged as
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where
2

0

| [ ] |
n

I f nε
≠

=� . This shows that the optimum sampling

phase optε is obtained with a maximum 2
,{| | }RE x ε . So we may rewrite

(8) as
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Since the expect value {.}E is impossible to get realistically, the
power calculation can be done by averaging of finite samples. We use
the maximum-absolute-squared-sum (MASS) search of the initial
preamble, which is to search for the maximum of the sum of the
absolute squared value of the data. Each OFDM symbol of the
preamble is sampled using different sampling phases ε , provided by
the PTCG, then choose the phase that results in the
maximum-absolute-squared-sum to be the sampling phase ε̂ .
Moreover, the carrier frequency offset caused by the carrier frequency
mismatch between transmitter and receiver will not affect the absolute
value of data, because it only makes the received signal phase rotation
in time domain, as shown in equation (12)

[ ] [ ] ( )2R R Sx̂ n x n exp j f n Tπ= ⋅ ⋅ ⋅ ⋅ (12)

where f is the carrier frequency offset and ST is the symbol period.

Therefore the MASS search can be started as soon as the packet
detection is done.

B. Dynamic Frequency Recovery (DFR)

Although dynamic phase recovery adjusts the sampling clock phase,
the drift amount due to sampling clock frequency offset still increases.
From (6), the most significant effect of sampling clock frequency
offset is the phase rotation to received subcarriers. Clearly, the phase
error is proportional to the symbol index, subcarrier index and
sampling clock frequency offset.

However, the decision-directed phase recovery method is incapable
of recovering the increasing phase error when the drift amount
becomes large. Dynamic frequency recovery not only directly
compensates the phase error of data after FFT but also tunes the
sampling frequency of ADC to eliminate the sampling clock frequency
offset.

As a result of the small clock frequency offset ζ , the factor

( )sinc kπ ζ in (6) approximates to one. ADC clock sampling phase
offset ε is assumed to be zero.
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Based on measuring the phase difference between the pilots, the phase
error is
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where
mIlP , is the received data on pilot position at l-th symbol and

Im-th subcarrier which is also the pilot index. In order to estimate clock
frequency offset, we use the least squares algorithm [7] which can
track the residual carrier frequency offset and clock sampling
frequency offset. The clock sampling frequency offset can accurately
be estimated as follows [7]
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lC is the estimated residual carrier frequency offset and 1,
ˆ

lC is the

estimated sampling clock frequency offset as equation (19).

1,
ˆ 2 s

l
u

T
C l

T
π ζ= (19)

Then, the sampling clock frequency offset at l-th symbol can be easily
calculated by equation (20).
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Because the additional noise ; ,l kNζ due to clock sampling frequency

offset and the inter-channel interference (ICI), the result of clock
sampling frequency offset estimation is not very stable. Thus,
weighting function and moving average are required for a more stable
compensation [7].

The overall dynamic phase-frequency recovery block diagram is
shown in Fig. 4. After packet detection, the dynamic phase recovery is
turned on to adjust the ADC sampling clock to the optimal phase, and
the dynamic sampling frequency estimation is also turned on after data
processed through the FFT. The timing error detector performs MASS
search while the frequency error detector performs least squares
algorithm. The ADC sampling clock is controlled by PTCG and FTCG,
showed in Fig. 5.
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Fig 4. Block diagram of dynamic phase and frequency recovery.
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IV. SIMULATION RESULTS

Firstly the influence of ADC sampling phase offset to system PER
performance is simulated in the UWB baseband platform with NLOS
channel model and LDPC coding and decoding. The performance with
the proposed DPR is also simulated, as shown in Fig. 6. We use the
Butterworth filter as Tx and Rx filter response because it has the
frequency response which is as flat as mathematically possible in the
passband. The simulation shows that the PER gets worse when the
ADC sampling phase offset gets larger, but with the proposed DPR,
the resulting SNR when achieving 8% PER can be kept about the same
no matter what the ADC sampling phase offset is. The probability
distribution of the adjusted ADC sampling phase with DPR is also
showed in Fig. 6. To evaluate the performance of the proposed DPR,
we can define the resulting SNR loss when applying DPR by

0.5

DPR0.5
( ) ( )loss noSNR SNR p dε ε ε−−

= ⋅� (21)

where ( )no DPRSNR ε− is the SNR at PER=8% with ADC clock

sampling offset ε , and ( )p ε is the probability of the adjusted ADC

sampling phase with DPR. It is seen that most of the probability
distribution of adjusted phase lies in the region that makes the smaller
SNR loss. With the proposed DPR method, only symbol rate ADC
circuit is required, which results power reduction in the system.

Besides that, the performance improvement of the proposed DFR to
the decision-directed phase recovery is also simulated, which is shown
in Fig. 7. The simulation condition is the same except that 50 ppm
ADC sampling frequency offset is added. From the simulation, it
shows that using only decision-directed phase recovery cannot
completely solve the ADC sampling frequency offset. There is still
about 7dB SNR loss compared to no ADC sampling frequency offset
at PER= 8%. It is also found that by using the proposed DFR, there is
2.3dB SNR gain compared to decision-directed phase recovery
method at PER=8%.
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V. CONCLUSION

A dynamic phase-frequency recovery is proposed in OFDM systems
for power reduction and performance improvement. Using DPR to
recover the ADC sampling phase saves power because only symbol
rate ADC circuit is needed. Using DFR improves system performance
because it deals with the ADC sampling frequency offset not only with
the decision-directed phase recovery but also adjusting the ADC
sampling frequency to the optimal one.
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