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Abstract 
   This paper presents a design and simulation of digital PLL synchronizer, using 
Costas loop based on SDR for high frequency communication systems. Design 
parameters are selected for each unit of the proposed systems in order to 
accommodate SDR requirements. Different techniques for carrier recovery based 
on SDR are discussed. PLL techniques is chosen for synchronization, since it is 
one of the most active synchronization techniques. BPSK and QPSK 
synchronizers for coherent receivers have been designed and simulated based on 
SDR using both Costas loop and modified Costas loop. The simulation result 
shows that these two systems are reliable in recovering the carrier phase and 
frequency when significant frequency and phase are present. Simulation result 
shows that the BPSK system has eP = 310− at ob NE / equal to 8.5 dB in the 
presence of AWGN and has the ability to track frequency offset up to 1200Hz 
with 2*10 4− probability of bit error at ob NE / equal to 20 dB. This system can 
track phase offset 45 o  with eP = 410− at ob NE / equal to 20 dB. For QPSK system, 
the probability of bit error 310−  at ob NE / = dB9 and has the ability to track 
frequency offset 300 Hz and phase offset=9 o  with eP = 310−  at ob NE / equal to 
20dB. 

Keywords: SDR, PLL, Synchronization, Carrier recovery, Costas loop. 

تصميم و محاكاة حلقة قفل طور رقمي مزامن للمفاتيح المتغيرة الطور الثنائية 
  والرباعية باالعتمادعلى برمجيات التعريف الراديوية

الـخـالصـة
يتضمن هذا البحث تصميم ومحاكاة حلقة قفل طور باالعتماد على منظومة راديوية تعمـل     

متغيرات التصميم تم اختيارهـا. ال العالية التردد  بالبرامجيات الغراض التزامنية ألنظمة االتص    
تـم. لكل وحدة في المنظومة المقترحة لغرض استيعاب متطلبات المنظومة الراديوية البرمجيـة      

تم اختيار تقنية حلقة قفـل الطـور الغـراض. مناقشة عدة تقنيات الستعادة تردد وطورالحامل     
 ثنائيـة المفـاتيح المتغيـرة الطـور ال    تصميم ومحاكاة   تم. التزامنية ألنه أحد ابرز تقنيات التزامنية     

اوضـحت نتـائج). Costas loop( بواسطة حلقـة كوسـتاس   SDRوالرباعية باالعتمادعلى 
المحاكاة اداء موثوقا باستعادة طور وتردد الحامل عند وجود تغيير بالتردد وبالطور حيث يمتلك

obعند−eP=310 خطأ بالبت     احتمالية ثنائيةالمفاتيح المتغيرة الطور ال   نظام   NE  8.5dBمقـدارها   /
 بأحتماليـة خطـأHz1200للنظام القدرة على مجاراة تـردد تغييـر الـى           . AWGNبوجود  
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obعند10*2−4بالبت NE  درجة 45 مجاراة تغيير بالطور مقداره      وله القدرة على   20dBمقدارها  /

obعند −eP=410باحتماليةخطأ بالبت  NE  المفـاتيح المتغيـرة اما بالنسبة لنظام20dB مقدارها/

obعنـد −310الرباعية فأن النظام يمتلك احتمالية خطأ بالبت مقدارها        الطور NE  9dBمقـدارها  /

 درجـة9 وطور تغيير مقداره −310 باحتمالية خطأ بالبت     300Hzوله القدرة على مجاراة تردد      
obعند−310باحتمالية خطا  بالبت  NE 20dB.مقدارها /

1. Introduction

 Wireless communications is the fastest 
growing segment of the 
communications industry. The vision 
of wireless communications supporting 
information exchanged between people 
or devices is the communications 
frontier of the next century. This vision 
will allow people to operate a virtual 
office anywhere in the world using a 
small handheld device with wireless 
devices [1]. Traditional wireless 
devices are designed to deliver single 
communication service using a 
particular standard [2]. It is expensive 
to upgrade and maintain a wireless 
system each time a new standard 
comes into existence. Wireless systems 
are gravitating towards minimal radio 
hardware designs using flexible 
architecture software radio (SR) [3]. 
Software defined radio (SDR) is a 
collection of hardware and software 
technologies that enable reconfigurable 
system architectures for wireless 
networks and user terminals to reduce 
the amount of analogue signal 
processing in radio applications, by 
implementing the conversion between 
analogue and digital signals as close to 
the antenna as possible, and then 
performing signal processing 
operations in the software domain [2].
SDR can be viewed as an adaptive 
solution for making wireless networks 
highly flexible [4]. The concept of 
SDR has initially been discussed for 
military applications. Today, with the 
increase of the digital signal processor 

(DSP) capabilities on the one hand and 
the requirements for rapid deployment 
to market on the other, SDR is
emerging as an important commercial 
technology. It brings together two key 
technologies of the last decade: digital 
radio and downloadable software [5]. 
Over time the number of system 
components performed in software is 
increasing. Figure (1) depicts the 
evolution from Hardware (HW) to 
SDR to SR to "Adaptive Intelligent-
Software Radio" (AI-SR) [3]. 
           Synchronization is one of the 
most difficult problems for the 
communication systems. The phase and 
frequency offsets are the critical 
problems for the data detection that 
lead to severe performance degradation 
especially when higher order 
modulation is applied. These two 
offsets can be compensated by using 
phase locked loop (PLL) which 
represents the heart of nearly all 
synchronization systems. PLL has a 
relatively simple structure composed of 
phase detector, loop filter and voltage 
Controlled Oscillator (VCO) [6]. An 
important technique is the combination 
of two quadrature loops to form Costas 
loop which are discussed in the next 
sections. 
2. Phase locked loop (PLL)
2.1 Analog PLL 
         The heart of nearly all 
synchronization systems is some 
version of phase locked loop (PLL) [6].  
Analog PLL consists of three 
components [7,8]: the phase detector 
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(PD), the loop filter (LF) and the 
voltage controlled oscillator 
(VCO).The function of PD block is to 
compare the phases of the input and 
output signals and generate an error 
signal proportional to the phase 
deviation between them. There are two 
forms of phase detector which are the 
analog PD and digital PD. Basically 
analog PD functions as a mixer with an 
IF centered at zero frequency [9], while 
digital PD are based on applications of 
simple flip-flop gates or more 
complicated combinations. Low-pass 
filter is used to remove the high 
frequency terms that comes from the 
output of the PD [10]. The selection of 
the loop filter is a very important 
decision, since it will determine the 
behavior and characteristics of the PLL 
under various operating conditions 
such as bandwidth, lock-in range, pull-
in range, pull-out range and hold-in 
range of the PLL during operation [11]. 
Active low pass PI filter was selected 
due to its great performance and its 
stability [8]. The final component is the 
VCO which is a device that produces 
the carrier replica i.e. a sinusoidal 
oscillator whose frequency is 
controlled by the input voltage [6]. The 
control voltage from the loop filter 
adjusts the frequency and phase of the 
VCO to synchronize with the input 
signal's frequency and phase. In the 
locked state the frequency difference 
and the phase difference between the 
input signal and the output signal from 
the VCO is zero. This means that the 
PLL replicates a signal whose 
frequency and phase are exactly the 
same as those of the input signal [10]. 
2.2 Digital phase locked loop (DPLL) 

DPLL are attracting more attention for 
the significant advantages of digital 
systems than analog PLL. These 
advantages include superiority in 

performance, speed, reliability, and 
reduction in size and cost. DPLL 
reduced many problems associated 
with APLL [12].  Figure (2) shows the 
digital form of PLL. In DPLL the VCO 
is replaced with digital direct 
synthesizer (DDS), the loop filter is 
digitized and is converted to IIR filter 
and finally the PD converted from a 
simple mixer to digital PD. There are 
four types of digital PD: Flip-Flop 
DPLL, Nyquist-rate DPLL, lead-lag 
DPLL, exclusive-OR DPLL and zero-
crossing DPLL [13, 14]. In this paper 
the flip-flop DPLL is used to provide 
the phase and frequency output error 
signal.  

3. Carrier recovery 

          Synchronization is one of the 
fundamental functions in 
communication systems. Its task is to 
lock the synchronization parameters of 
the receiver with the received signal. 
Most receivers require three main 
synchronization levels: carrier 
synchronization, symbol 
synchronization and frame 
synchronization [6]. Estimation of 
synchronization parameters is very 
essential for performing demodulation 
and detection of the data from the 
transmitted signal with high reliability. 

          In almost every receiver or 
demodulator performance, some 
level of signal synchronization is 
generated. In the case of binary phase 
shift keying (BPSK) and quadrature 
phase shift keying (QPSK) 
demodulation, the receiver is 
assumed to be able to generate 
reference signals whose phases are 
identical to those of the signaling 
alphabet at the transmitter [6,15,16]. 
In this paper Costas loop and 
modified Costas loop are selected to 
synchronize the BPSK and QPSK 
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signals because they are a convenient 
mechanism for suppressed-carrier 
tracking.  
4. System Description 
              The BPSK Costas loop 
block diagram [6] is depicted in 
figure (3). The BPSK signal is first 
generated at the transmitter, then 
after the multiplier,  passed through 
the arm filters in order to suppress 
the higher order components and the 
low order components is passed then 
the two filtered signals is passed 
through the loop filter which is the 
lead-lag type. The signal that leaves 
the loop filter then is passed through 
the VCO to generate the carrier 
signal necessary for synchronization 
purposes. For QPSK signal, the 
modified Costas loop [8,18] is used 
in order to accommodate the QPSK 
requirements as shown in figure (4). 
The design parameters of the system 
are shown in table (1). Design 
parameters are either selected from 
the design standard requirements or 
according to results analysis of each 
system unit. 
5. Description of the Designed 
system components 
5.1 Design of Loop Filter 
           The analog PI filter is used as 
mentioned due to its stability in 
canceling the error that comes from 
the multiplication process. This filter 
generates the VCO control voltage 
according to the error from the 
multiplication. The transformation 
from S-domain to Z-domain is used 
in the design of the loop filter as 
shown below. The design parameters 
of the loop filter is shown in table 
(2). 
The transfer function of the PI filter is 
[8]: 
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From the 2nd order PLL relation [7,8]: 
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Where: T is the sampling time  
             τ  is the time constant 
            ob and 1b are loop filter 
coefficients 
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 ς  is the damping ratio 

nω is the natural frequency in rad/sec 

dK  is the PD gain in volt/rad 

oK is the DDS gain Hz/volt 
The results must comply with the 
relation 21 ττ a= , where a is a constant 
such that a > 2 [8,11]. This relation 
was obtained by calculating the 3−dB 
frequency of the loop filter [8]: 
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Using the values previously calculated 
for 1τ , 2τ and T we find that  

ob = 7.0000417e − 3, 1b  = 
−6.9999583e − 3. This can be 
approximated to be 

ob = 0.007 and 1b = −0.007. 
5.2 Phase Detector Design 
           The tri-state-based flip-flop 
DPLL consists of two D flip-flops 
with additional logic to reset the 
latches is chosen. The PFD generate 
pulses to steer the VCO frequency 
either up or down. Any mismatch 
between the up and down paths of its 
output degrades the linearity of its 
phase error characteristic. The PFD 
output depends on the phase error and 
the frequency error [16,17]. 
 5.3 Design of VCO 
           In the digital domain, the VCO 
is replaced by the digital direct 
synthesizer (DDS) [14]. In this paper 
the DDS is used in the SDR 
synchronizer system as shown in 
figure (5). The characteristics of the 
DDS are shown in table (3). 
5.4 Design of arm filter 
          The arm filter is a low pass 
filter in order to remove the high 
frequency components that come 
from the multiplication of the 
received signal and the VCO signal 
for both I and Q channels. In this 
paper the FIR filter is chosen in the 
design because it has linear phase 
response [19]. The characteristic of 

this filter is shown in table (4). The 
Hamming window is selected in the 
design. The transfer function for this 
filter is given by [8]:- 

∑
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The hamming window takes the form 

[8]: 

)2cos(46.054.0)(
N

nnw π+=    … (7) 

Where:- N is the filter order          
)(nh  is the impulse response, 

n=0,1,…N-1 
)(nh = )0(h , )1(h , )2(h … )1( −Nh  

6. Simulation Results 
6.1 PLL measurements     
             Figure (6) represents the flow 
chart of the designed system. Figure 
(7) shows the simulation results of 
general PLL block diagram when 
there is 10 deg. phase offset between 
the input and the DDS signals. Figure 
(8) represents the loop filter output for 
10 deg. Offset.  
6.2 BPSK system simulation results 
         The performance of the 
designed system will be evaluated by 
plotting the probability of bit error 
(P e ) versus the ob NE /  and the output 
of the loop filter which indicates the 
error level. Theoretically the relation 
between ob NE /  and P e for BPSK are 
represented by the relation [20]:- 

 P e =Q(
o

b

N
E2

)                     … (8)  

and for QPSK is:- 

P e =2Q(
o

b

N
E2

)                      … (9)  

Q  is the error function.  
Figures (9,10 and 11) show the P e  
versus ob NE /  for different values of 
frequency offsets from 0 offsets to 
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1500 Hz. Figures (12 & 13) show the 
loop filter outputs for two cases 
100Hz and 300Hz frequency offsets.  
Another test to check the performance 
of the system is to change the phase 
between the input and the DDS signal 
while the frequency is kept constant. 
Figure (14) represents the cases when 
there are phase offsets extending from 
0 deg. to 45 deg. 
The final test represents the 
behavioral of the system when the 
phase and the frequency are changed 
together at the same time. Figure (15) 
represents the cases when 50Hz and 
variable phase offsets while figure 
(16) represents the cases when 100Hz 
and variable phase offsets. Finally 
figure (17) represents the cases when 
200Hz and variable phases. Figure 
(18) shows the input and the output of 
the designed FIR filter. 
6.3 QPSK simulation results 
         Figure (19) shows signal 
waveforms of the simulated QPSK 
transmitter. 
Figure (20) shows the simulation 
results of the QPSK system with 
different frequency offsets from the 
ideal case starting from the 0 offset up 
to 1000Hz frequency offset. Figure 
(21) shows the simulation results of 
the QPSK system with different phase 
offsets from 2 o  to 18 o . Figure (22) 
shows the cases when 50Hz 
frequency offset and variable phase 
offsets (0 o to 18 o ). 
6.4 Discussion of simulation results 
         1. The designed BPSK system 
has a probability of bit error equal to 
10 5−  at 11.5 dB without any 
frequency or phase offset. 
2. The designed BPSK system is 
capable of tracking the phase offset up 
to 45 degree  
with 10 4−  probability of bit error at 

ob NE / equal to 20dB and can also 

track the frequency offset up 1200 Hz 
with 2*10 4−  probability of bit error at 

ob NE / =20dB. 
3. The designed BPSK system has the 
ability to track the phase and frequency 
offsets in specified ranges extending 
from 50 Hz and 5 o with P e =10 4− at 
E b /N o =15 dB up to 1000Hz and 9 o  
with P e =10 3− at E b /N o =19 dB which 
shows the loss in E b /N o as a penalty 
that may be paid to overcome the 
offsets. 
4. The designed QPSK system has a 
probability of bit error=10 5−  at 12 dB 
without any offset. 
5. The designed QPSK system can 
track the phase offset up to 9 degree 
phase offset with a probability of bit 
error 10 3−  at ob NE /  =20dB and can 
track the frequency offset up to 300 Hz 
frequency offset with a probability of 
bit error =10 3−  at ob NE / equal to 
20dB. 
6. The designed QPSK system has the 
ability to track the simultaneous 
frequency offset and phase offset in the 
range from 50Hz and 2 o offsets with 
P e =10 3− at ob NE / equal to 15.5dB up 
to 300Hz and 2 o  offset with 
P e =2*10 2− at ob NE / equal to 20dB. 
7. Conclusions 
      The conclusions of this work can 
be summarized as follows:- 
1. The carrier recovery technique 
based on SDR presented in this paper 
proved to be applicable to the 
modulation schemes of M-PSK 
signals. Simulation has shown that 
frequency and phase estimation can 
be implemented by using feedback 
structures (Costas loop) with a large 
estimation range and good 
performance. In order to obtain 
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reasonable values of the probability of 
bit error degradation, it is required 
that the frequency error be a small 
fraction of the symbol rate. 
2. The designed 2nd IIR loop filter 
works perfectly to eliminate the errors. 
3. The Hamming window used in the 
arm filter to obtain matched filters. 
4. DDS is the best choice to implement 
SDR systems. 
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                                            Table (1) Design parameters goals 

Parameter  Selected type or values comment 

Multiplier  PFD-type  
PFD is chosen to provide error 

signal  phase and frequency 
[12]  

IF frequency 10 MHz  Max frequency can be used to 
implement the SDR system. 

Arm filter FIR type Because it has linear phase 
response  

Loop filter  Second order IIR filter  Can be removed if the arm 
filters are matched [21]  

DDS  Free running frequency is 
10MHz 

The initial frequency when the 
system is locked. 

Sampling frequency 100 MHZ 
This value is selected for butter 

simulation results 

Data rate  5 Mbps  
Suitable data rate can be 

selected for IF 
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Table (2): Characteristics of the loop filter 
Bandwidth  100 KHz  

Type of filter Digital IIR  LPF   

Filter order 2nd order  
 
 

Table (3): Characteristics of the DDS 

DDS  In order to recover the phase and 
frequency together [6]  

DDS gain ( ok ) 100 kHz/V  [8]  

of  10MHz 
 
 

Table (4): Characteristics of the arm filters 

LPF  To remove high frequency  components from 
output of PFD[8] 

FIR Because it is a linear phase  response, and 
simple in the design 

Bandwidth (BW) 5MHz 

Hamming window is used Because of its simplicity and for its accuracy 

Filter order 15 
 
 

 

 
  

  
 
 
 
 
 
 
 
 
 
 

Figure (1): SDR opportunity window 
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                           Figure (2): Block diagram of digital phase locked loop 
 

 
                                Figure (3) The conventional Costas loop for BPSK 
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                          Figure (4) Costas loop for QPSK synchronizer 
 

 
 

Figure (5) Direct digital frequency synthesizer (DDS) 
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Figure (6): Flow chart of the designed system 

 
                    Figure (7) Input and DDS output signals for 10 degree offset case 
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                      Figure (8) Output loop filter for 10 degree offset case 
 

 
 

Figure (9): Simulation results of the BPSK signal for  
frequency offset from 0 to 150 Hz offsets 

 

 
Figure (10): Simulation results of the BPSK signal 

for frequency offset from 200 to 700 Hz offsets 
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   Figure (11): Simulation results of the BPSK signal in 

the frequency offset from 1000 to 1500 Hz offsets 
 

 
 

Figure (12): The loop filter output for 100Hz offset 
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        Figure (13): The loop filter output for 300Hz offset 
 
 
 

 
 

Figure (14) Simulation results of the BPSK signal 
for zero frequency offset and 0 to 45 deg. Phase offsets 
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Figure (15) The simulation results of the BPSK when frequency 
offset is 50Hz and phase offset (0 to 30 o ) 

 
 
 

 
 

Figure (16) Simulation results of the BPSK when the frequency 
offset is 100Hz and phase offset(0 to 22.5 deg.) 
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Figure (17) BPSK system has frequency offset 
 is 200Hz and the phase is variable 

 
 
 

 
 

           Figure (18) I-channel before and after the filtering action 
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Figure (19) Simulation results of the transmitter 
of QPSK system 

 
 

 
 

                  Figure (20) Simulation results of the QPSK system 
            shows the frequency offsets from 0 Hz to 1000Hz 
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Figure (21) simulation results of the QPSK system 
shows the phase offsets with no frequency offset 

 

 
 

Figure (22) QPSK system have variable phase offset 
with frequency offset=50Hz
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