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Abstract— Frequency and phase correction are vital parts of
every inner receiver. Without any training sequence, estimation
of the actual frequency and phase offset becomes a very critical
task with high impact on communications performance.

In this paper we present an efficient, configurable, high
throughput IP core implementation for combined frequency and
phase synchronization on XILINX Virtex II Pro FPGA. The core
can be configured with different bit widths, maximum burst
lengths, and modulation types. It also provides high flexibility
by processing various different burst types during runtime.

We show detailed simulation and implementation results to
demonstrate communications performance and hardware com-
plexity of our core.

I. INTRODUCTION

Every inner receiver must estimate the general unknown pa-
rameters of timing, frequency, and phase offset, and eliminate
all possible negative influences introduced by them.

The estimation of these parameters can be done by so called
data aided methods, where known symbols are included in
the transmitted bursts. Such a training sequence decreases
bandwidth and power efficency [1]. The so called non data
aided, or blind, methods estimate the parameters with the
only help of unknown data symbols. In this case especially
estimation of frequency offset becomes a very critical task
with high impact on communications performance.

This paper concentrates on the frequency and phase esti-
mation and correction (synchronization) of bursts with Phase
Shift Keying modulation for different modulation indices
M (MPSK), e.g. M = 2 for BPSK and M = 4 for QPSK.
Frequency and phase offset are estimated without training
sequence. The received sample sequence r is given in the
complex baseband according to Equation 1:

r(l) := s(l) · e j(2π fol+Φ) +n(l) l = 0,1, ..,L−1 (1)

The sample sequence r with L elements is based on MPSK
symbols s with one sample per symbol and symbol duration
T , and is disturbed by a noise sequence n. In Equation 1 the
frequency offset fo is annotated as a fraction of the symbol
rate 1/T . The frequency offset fo and phase offset Φ have to

be estimated and corrected. They are considered fixed during
one burst transmission.

For non data aided frequency estimation the modulation
must be removed from all samples of a burst, followed by a fast
Fourier transformation (FFT) to estimate the frequency offset
fo. For blind phase estimation normally the modulation has to
be removed again from all samples of the frequency corrected
burst, followed by a phase offset estimation algorithm known
as the V&V algorithm [2].

In this paper we present an IP Core for combined blind fre-
quency and phase synchronization. First we introduce the used
algorithms, followed by architectural considerations, commu-
nications performance simulations, and finally implementation
aspects and results.

II. ALGORITHMS

This section contains all fundamental algorithms needed for
the development of our combined blind frequency and phase
synchronization IP core. Further details and resources can be
found in [1], [2], [3], [4].

A. Modulation Removal

In general, modulation removal is carried out with a power
of M operation on the received sample sequence as shown in
Equation 2:

r̃(l) := r(l)M (2)

We proposed an improved modulation removal scheme for
BPSK and QPSK in our previous work [5] based on the
investigations in [6] to obtain much better communications
performance and implementation complexity than the standard
approach. These results can be transfered to MPSK modulation
without any further modifications. Equation 3 describes this
method for removing the modulation:

r̃(l) := |r(l)| · e j·M·arg(r(l)) l = 0,1, ..,L−1 (3)

M being the modulation index, and r̃ describing the deter-
mined received sequence without modulation. For more details
the interested reader is referred to [5]. Here and in most other



operations in this paper the well known polar representation
of the received sequence r with r = |r| · e j·arg(r) is used.

B. Frequency Estimation

The frequency estimation is performed by an FFT algorithm
on the sequence r̃, which implements the Discrete Fourier
Transformation formula with N points according to Equa-
tion 4:

X(k) :=
N−1

∑
n=0

x(n) · e− j( 2π·k·n
N ) k = 0,1, ..,N −1 (4)

The sequence x with N elements corresponds to the sequence
r̃ with L ≤ N elements of Equation 3, which is padded with
zeros to achieve the N elements of Equation 4. The estimated
frequency offset f̃o is given by spectral analysis of the FFT
output. In general the FFT bin corresponding to the estimated
frequency offset is given by:

k f , s.t. : |X(k f )| = max
k

|X(k)| k = 0,1, ..,N −1 (5)

Note that hereby each bin X(k) represents a range of
(M ·N ·T )−1 Hz, not only one distinct frequency. This results
in some minor quantization loss introduced by the FFT. The
general limit for successfully detecting the frequency offset
is ±(2 ·M)−1 times the sampling rate. After spectral analysis
of the FFT bins, the sample sequence r must be corrected
with the calculated frequency offset f̃o. The corrected sample
sequence u is then given by:

u(l) := r(l) · e
− j

(
2π·k f ·l

M·N

)
l = 0,1, ..,L−1 (6)

C. Windowing

If the range of the occurring frequency offset is known in
advance, we can significantly improve the communications
performance by limiting the spectral analysis. This windowing
technique is given by Equation 7:

k f w := max
k

|X(k)| k = 0, ..,wu,wl , ..,N −1 (7)

The parameters wu and wl define the frequency range
where the frequency offset has to be found. In the following
the notation k f w for the FFT bin representing the calculated
frequency offset will be used. Setting of wu to N/2− 1 and
wl to N/2 describes the FFT bin k f given in Equation 5.

D. Phase Estimation

Phase estimation can be done with the V&V algorithm
presented in [2]. In this algorithm the modulation has to be
removed from the sample sequence u analogous to Equation 3:

ũ(l) := |u(l)| · e j·M·arg(u(l)) (8)

Then the phase can be estimated using the sequence ũ accord-
ing to

Φ̃ := M−1 · arg
L−1

∑
l=0

ũ(l) (9)
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Fig. 1. Base architecture for combined frequency and phase synchronization

Inserting Equation 6 into Equation 8 and further inserting
the result into Equation 9 gives an equivalent equation for
calculating the estimated phase offset Φ̃:

Φ̃ := M−1 · arg(X(k f w)) (10)

The equation Equation 10 uses the FFT result of equation
Equation 4 for the bin k with k = k f w. Thus frequency and
phase estimation can be efficiently combined.

E. Combined Frequency / Phase Synchronization

As explained in the previous section, the combined blind
frequency and phase synchronization uses the FFT result for
frequency estimation as well as phase estimation. The fre-
quency estimate is given by Equation 7 and the phase estimate
is given by Equation 10. Thus the complex algorithmic steps
described by Equation 6, Equation 8, and Equation 9 are com-
bined. The input burst has to be corrected with the estimated
values of frequency and phase offset, formally described as:

u(l) := r(l) · e− j(
2π·k f w·n

M·N +Φ̃) l = 0,1, ..,L−1 (11)

III. ARCHITECTURE

In this section the developed architecture for evaluating the
algorithm will be introduced. Figure 1 shows the architecture
of the IP Core and the surrounding system.

A. Composition of the IP Core

The components of the IP core architecture are derived
straight from the algorithm. The names of the components and
connections shown in Figure 1 correspond to the algorithmic
parts introduced in Section II.

The modulation removal component, which realizes Equa-
tion 3, has to be generated for all modulation indices that
have to be independently processable during runtime. The
FFT component must be adapted to the maximum burst length
allowed in the application, although the actual burst length can
be changed during runtime. The spectral analysis component
estimates the frequency and phase offset by calculation of
Equation 7 and Equation 10. The RAM buffer is used to
guarantee constant throughput by hiding the FFT latency.
Thus a new sample sequence r can be processed while the
already analyzed sequence rram is being corrected. The phase
and frequency correction component realizes Equation 11. All



components are subject to the defined input bit width of the
sample sequence r.

We use XILINX IP cores for the implementation of the
modulation removal, FFT, and phase and frequency correction
components to obtain compact and high-speed processing
units. For further implementation details refer to Section V.

B. IP Core Environment

The IP core has to interface with the environment. An
automatic gain control unit (AGC) is required as a front-end
to adapt the input samples bit width to the IP core input
bit width without limiting the dynamic range. Furthermore,
timing estimation and matched filtering have to be performed
delivering one sample per symbol as required in Equation 1.
The back-end must provide some functionality to resolve the
M-times phase uncertainty introduced in Equation 10. This
final phase correction requires at least one symbol to be known
in the transmitted data for a successful correlation with the
received data.

IV. COMMUNICATIONS PERFORMANCE

In this section we present communications performance
simulations of the chosen architecture implementation based
on a bit true C model. We show bit error rate (BER) graphs
for different IP core configurations (bit width, maximum burst
length) and input bursts (L, M, fo, Φ, wu, wl).

All graphs are obtained using an additive white Gaussian
noise (AWGN) channel. A reference graph ref is provided to
allow comparison of the simulation results to a perfect fre-
quency and phase synchronization reflecting the performance
limits of the AWGN channel.

A. Input Bit Width Configuration

Figure 2 shows the impact of different input bit width
settings on communications performance. The maximum burst
length (MBL) was set to 512 symbols. For comparison pur-
poses, no windowing was used in simulations besides for these
in Section IV-D.

The BER graphs show input bit widths n ranging from 4 to
7 bit. There is almost no difference in performance for n = 7
and n = 6 bit. Using only 5 bit input values (n = 5) decreases
the performance by around 0.25 dB at high SNR. Reducing
the input bit width to n = 4 results in a significant degradation
on communications performance even on low signal-to-noise
ratios (SNR), ranging from 0.5 dB to 1 dB.

B. Maximum Burst Length Configuration

A higher maximum burst length setting influences the
needed FFT component, demanding higher frequency offset
resolution and therefor an FFT capable of supporting more
sample points. The number of FFT points has to be around two
times the maximum burst length to prevent major degradation
in communications performance [3]. By choosing a higher
maximum burst length as really needed in a specific appli-
cation, we can slightly improve the overall communications
performance because of the resolution gain.
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Fig. 2. Impact of different input bitwidth settings
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The simulations presented in Figure 3 were performed with
6 bit input data width and MBL settings of 128, 256, and
512 symbols. The improvement for a 150 symbol burst using
an oversized MBL of 512 symbols is only 0.1 dB at max
for high SNR. Besides, the number of FFT points needed
has a significant impact on the size of the final IP core
(see Section VI). A too small MBL setting of only 128
symbols shows the predicted major loss in communications
performance from 0.5 dB to over 1 dB for high SNR.

C. Modulation Type Configuration

Although the actual modulation index M has a huge impact
on communications performance, the IP core configuration of
usable modulation types has no influence on communications
performance at all. Every selected modulation index prior to
core generation can be processed with the best results possible,
independently from any other selected indices.

D. Windowing

In Equation 7 we presented the windowing technique for
spectral analysis. Figure 4 shows simulation results for an
MBL of 256 symbols and variable window sizes. The graphs
represent windows of 1.5%, 3%, and 6% of the sample



3 3.5 4 4.5 5 5.5 6 6.5 7
10

−2

10
−1

10
0

E
S
/N

0
 [db]

B
E

R

ref
w

u
=30,w

o
=482 (1.5%)

w
u
=60,w

o
=452 (3%)

w
u
=120,w

o
=392 (6%)

no windowing

L = 150,M = 4, fo = 1.2%,Φ = 300

Fig. 4. Impact of different window sizes

rate (1/T ), and results without windowing for comparison.
The actual frequency offset fo is fixed on 1.2%. There is
a significant performance gain for low to medium SNR by
around 0.25 dB for the largest window (6%), and respectively
an additional 0.25 dB gain for the window half and quarter
this size.

V. IMPLEMENTATION

We used synthesizable VHDL for modeling and implement-
ing the architecture shown in Figure 1. For rapid development
and to minimize debug effort we heavily relied on IP cores
[7] included in the XILINX Core Generator 6.1. We also
used specific XILINX resources like the internal multipliers
(MULT) and block RAM (BRAM) available on the Virtex II
Pro FPGA.

The modulation removal in Equation 3 uses polar coordi-
nates. The input samples r however are given in Cartesian
coordinates. The calculation of arg(r) and |r| can be done with
the CORDIC algorithm [8] which is available as an IP core [9].
We utilized the fully pipelined version of this CORDIC IP core
to achieve a throughput of one sample per cycle. Afterwards
the resulting sample sequence r̃ without modulation has to
be transformed back to Cartesian coordinates for the FFT
calculation (see Equation 4). This is accomplished with a sine-
/cosine-look-up-table (SCL) [10] also available as an IP core
and internal multipliers to realize the e jx operation.

The FFT needed for frequency and phase estimation is
realized using another XILINX IP core [11] configured to
sustain the selected maximum burst length. Because again the
desired throughput was one sample per cycle, the resulting
core is fully pipelined and covers most of the area.

The windowing feature proposed in Equation 7 for eval-
uating k f w is realized in the spectral analysis block, using
a limited maximum absolute value search on the determined
FFT bins. This can be implemented in a very efficient way by
using only counters and comparators.

After determining the frequency bin k f w, the spectral analy-
sis block estimates the phase offset according to Equation 10.
Again, the argument function needed for this equation is

Component Cores MULT BRAM

modulation rem. SCL, CORDIC 2 1
FFT (MBL=8) 24 point FFT 18 3

FFT (MBL=512) 210 point FFT 18 27
FFT (MBL=8192) 214 point FFT 18 54
RAM (MBL< 512) RAM 0 1
RAM (MBL=8192) RAM 0 16

spectral analysis CORDIC 2 0
phase/freq. correction SCL 5 1

TABLE I

IMPLEMENTATION RESOURCES PER COMPONENT

BW MBL Slices BRAM MULT MHz

7 64 2926 20 18 119.9
7 512 3636 30 27 119.4
7 4096 5018 78 36 104.0
6 64 2863 20 18 125.3
6 512 3548 30 27 123.5
6 4096 4964 78 36 116.1
5 64 2816 20 18 128.4
5 512 3505 26 27 126.3
5 4096 4931 78 36 116.0

TABLE II

SYNTHESIS RESULTS

realized with a CORDIC IP core. Because only one argument
calculation per phase estimation has to be performed, we can
use a rather small serial CORDIC core without the ability to
calculate |r|.

Rotation of the samples as described in Equation 11 is
accomplished with complex number multiplications and a
second SCL.

Table I summarizes all FPGA resources needed for the
implementation of every single architectural component. Note
that the characteristics of the FFT and RAM components vary
with the maximum burst length (MBL) selected, thus we can
only present some representative results.

VI. RESULTS

We used XILINX ISE 6.1 for synthesis and place and
route with the XILINX Virtex II Pro FPGA XC2VP50 as
target platform. Table II shows the results for different IP core
configurations.

As expected, the implementation complexity grows strongly
with increasing MBL setting due to the huge portion of
the FFT component. Decreasing input bit width BW yields
only minor savings instead, because mainly the relative small
modulation removal block is affected. The maximum clock
frequency is also somewhat correlated with the MBL and BW
settings, increasing with smaller bit widths and decreasing with
a higher MBL. The resulting maximum sample throughput is
about half the clock speed because the FFT latency is at least
twice the maximum burst length (see Section IV-B). Thus the
corresponding bit rate is determined by the modulation:

throughput[bits/sec] ≈ (2 · cycle)−1 · log2(M) (12)

For example, using QPSK modulation Equation 12 evaluates
to a bitrate beyond 100Mbps for every configuration.



Fig. 5. Floorplan of the synthesized architecture

Such high throughput in FPGA can only be achieved using
high effort speed optimized place and route, resulting in a
floorplan where the dataflow is strongly reflected through the
placement of the embedded cores as shown in Figure 5: All
samples are first stored in the small Dual-Port RAM compo-
nent (1), then fed into the first longly stretched CORDIC for
polar transformation (2), and then multiplied with the selected
SCL entries for modulation removal (3). The following, very
big and scattered FFT component (4) calculates the spectrum,
and the second smaller CORDIC takes on the spectral analysis
(5). Finally the samples are corrected with the second SCL (6).

VII. CONCLUSION

In this paper we presented, to the best of our knowledge,
the first published configurable IP core for combined blind fre-
quency and phase synchronization of MPSK bursts, utilizing
advanced techniques like improved modulation removal and
windowing. These features yield high throughput, compact
size, and best communications performance achievable for
transmissions without training sequence.
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