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Abstract 

In order to realize carrier synchronization in digital wireless communication, a scheme 
of QPSK frequency locking using a new Costas loop (Costas) is proposed. The 
experimental results show that the system can complete the carrier synchronization 
work well, and at the same time, the development cycle can be significantly reduced in 
the development and design. The experimental results show that the system can 
complete the carrier synchronization work well, and at the same time, the development 
design can significantly reduce the development cycle and save cost. 
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1. Introduction 

Quadrature Phase Shift Keying (QPSK) is a digital modulation technique with mature 
theoretical research, which has been widely used in wireless communication. Its modulation 
mode is to use the phase information of the carrier to map the code-element signal of the 
baseband, and correspond to it one by one according to the law of Gray code. Therefore, if one 
wants to recover the baseband code-element signal at the receiver side of the channel, the 
acquisition of the carrier frequency and phase will be the most important condition[1]. 

Since the tuned signal produces a certain frequency difference during transmission, the carrier 
signal generated by local oscillation and the received signal cannot be strictly the same 
frequency and phase, thus reducing the performance of the system demodulation[2]. For this 
reason, the synchronization methods of carriers in engineering are divided into the following 
two methods: the first method is the insertion of the pilot frequency method, the main principle 
of which is to add a pilot frequency carrier signal at the modulation end, and then extract the 
pilot frequency carrier signal at the demodulation end, using the relevant operation to make 
the frequency difference between the carrier generated by the local NCO (numerical control 
oscillator) and the pilot frequency carrier zero or less. The second method is the direct recovery 
method, in which the modulation side does not require the insertion of the pilot carrier, and the 
demodulation side directly recovers the carrier from the modulated signal and the power of the 
signal is fully allocated to the carrier signal carrying the baseband information[3]. The basic 
idea of the square loop method is to square the carrier frequency, but the doubling of the 
frequency will make the subsequent phase locked loop work at double the frequency, and the 
hardware implementation becomes more complex. Replacing the square ring with a multiplier 
and filter is a unique advantage of the Costas ring and is consistent with the square ring in terms 
of performance[4]. 

Costas loop is a closed-loop self-tracking system commonly used to track phase, and is widely 
used in carrier coherent demodulation and signal detection synchronization, so it has a broad 
practical prospect in communication, radar, and navigation fields. Conventional analog Costas 
loop has a certain impact on the performance of the Costas loop due to the phase deviation of 
the in-phase and quadrature components, while the digital Costas loop can completely avoid 
this problem[5]. In this paper, for the carrier extraction of QPSK signal reception process, the 
Costas ring model is equipped with Simulink platform and downloaded to FPGA platform by 
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System Generator automatic code generation. The final baseband acquisition results after 
hardware layout are observed on Simulink. 

2. Costas Loop method principle and System Modeling 

2.1. Costas Loop Composition and Principle 

The Costas loop, also known as an isotropic quadrature loop or edge loop, is shown in the block 
diagram in Figure 2.1. The fully digital Costas loop consists of three main components, PD 
(phase discriminator), NCO (numerical control oscillator), and LF (loop filter) [6]. 
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Figure 2.1 Digital Costas Loop 

The phase discriminator is used to characterize the difference between the phases of two input 
signals and can be equated to a multiplier. The role of the loop filter is mainly to filter out the 
noise in the loop, so that the result of the filtering can truly reflect the phase change of the input 
signal, but also to prevent over-excited regulation of the Voltage controlled oscillator due to the 
noise. The function of the voltage-controlled oscillator is to generate a periodic oscillation 
signal of a certain frequency, the amount of change in the frequency of the signal is proportional 
to the magnitude of the input control signal. The specific formula is implemented as follows. 

Set the receiving signal 𝑆𝑄𝑃𝑆𝐾(𝑡) is: 

 𝑆𝑄𝑃𝑆𝐾(𝑡) = 𝑎(𝑡) cos 𝜔𝑐𝑡 + 𝑏(𝑡)𝑠𝑖𝑛𝜔𝑐𝑡 (2-1) 

Where a(t)  and b(t)  are the baseband signals of the in-phase and quadrature branches, and 
satisfy 𝑎(𝑡)2 = 𝑏(𝑡)2 = 1, the phase difference between the reference signal generated by the 
local NCO and the received signal is ∆φ, and the digital mixing is divided into two signals of I 
and Q. Then 

   𝑦1(𝑘) = [𝑎(𝑡) cos 𝜔𝑐𝑡 + 𝑏(𝑡)𝑠𝑖𝑛𝜔𝑐𝑡] cos(𝜔𝑐𝑡 + ∆𝜑) 

 =
1

2
a(t)cos∆φ +

1

2
𝑎(𝑡) cos(2𝜔𝑐 + ∆𝜑) (2-2) 

 +
1

2
𝑏(𝑡)𝑠𝑖𝑛∆𝜑 +

1

2
𝑏(𝑡) sin(2𝜔𝑐 + ∆𝜑) 

After low-pass filtering to remove the high frequency signal, we get 

 𝑦𝐼(𝐾) =
1

2
a(t)cos∆φ +

1

2
𝑏(𝑡)𝑠𝑖𝑛∆𝜑    (2-3) 

Similarly, the orthogonal branch can be obtained as 

 𝑦𝑄(𝐾) = −
1

2
a(t)sin∆φ +

1

2
𝑏(𝑡)𝑐𝑜𝑠∆𝜑 (2-4) 

The signal obtained by low-pass filtering of I and Q can be deduced from the expression of phase 
discrimination error 𝑈𝑑 

 𝑈𝑑 = 𝐼 ∗ 𝑄 ∗ (𝐼 + 𝑄) ∗ (𝐼 − 𝑄) = 𝐾𝑑sin (4∆𝜑)   (2-5) 
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2.2. Costas Loop system design 

VCO, LF and PD are the three key components that determine the performance of Costas rings, 
and the design and parameter settings of each of these three are modeled in the following. 

2.2.1. VCO design and modeling 

Given a system clock of 𝑓𝐶𝐿𝐾 , the DDS can output a waveform with the desired frequency of 𝑓0 
by modifying the frequency control word and going through phase accumulation, waveform 
storage, D/A conversion and low-pass filtering, as shown in Figure 2.2. 

Phase Accumulator Waveform memory D/A converters Low-pass filter

Frequency 
control word

Fclk

 
Figure 2.2 DDS structure block diagram 

Based on the structural block diagram of the DDS, the DDS piggybacked in Simulink is shown in 
Figure 2.3. Where err is the phase error signal output from the loop filter, which is used here as 
the frequency control word and constitutes the accumulator through the adder and delay unit. 
According to the design requirements, the ROM is selected to form the sinusoidal lookup table 
of sin and cos signals. To improve the accuracy of data quantization, the depth of ROM is 216bit, 
and the corresponding slice bit truncation module is set to 16bit. 

 
Figure 2.3 NCO modeling 

2.2.2. LF design and modeling 

RC filters, passive proportional-integral filters and active proportional-integral filters are 
common loop filtering models. Among them, the active proportional-integral filter can avoid 
the defect that the RC filter cannot adjust the bandwidth independently, and can eliminate the 
proportional self-excitation phenomenon caused by noise pollution by means of integration 
control to find the cumulative value of the error, which becomes the best choice for carrier 
synchronization and timing loop filter. 

Compared with the first-order loop filter with certain steady-state phase difference and the 
third-order and above filters with complex hardware implementation, the second-order loop is 
designed with suitable difficulty and can achieve steady state [7]. Therefore, the second-order 
loop filter is used in this design. The structure piggybacked in Simulink is shown in Figure 2.4, 
where the second-order loop is implemented through adders and shift registers and combined 
with the calculated loop filter coefficients to achieve the loop filtering. 
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Figure 2.4 Second-order loop filter modeling 

The calculation of the loop filter coefficients is derived according to the literature [8], where ζ, 
𝜔𝑛 are the damping coefficients (taken as 0.707 in this paper), the natural oscillation angular 
frequency, T is the time period of the filter, and 𝜔𝑛 is related to the equivalent noise bandwidth 
𝐵𝑛  as shown in equation (2-3). The quantization calculation yields that 𝐶1 =0.00335 and 
𝐶2=4.318 ∗ 10−6. 

 𝐶1 =
4(𝜔𝑛𝑇)2+8𝜉𝜔𝑛𝑇

4+4𝜉𝜔𝑛𝑇+(𝜔𝑛𝑇)2

1

𝐾
 (2-6) 

 𝐶2 =
4(𝜔𝑛𝑇)2

4+4𝜉𝜔𝑛𝑇+(𝜔𝑛𝑇)2

1

𝐾
   (2-7) 

 𝜔𝑛 =
8𝜉𝐵𝑛

4𝜉2+1
   (2-8) 

2.2.3. PD design and modeling 

The phase discriminator part of the multi-decimal modulation Costas ring uses more 
multipliers, which occupies more logic resources in hardware implementation. The core idea is 
to use logic operations instead of arithmetic operations to reduce the multipliers and thus save 
the hardware overhead. The hardware modeling of the hard-judgment Costas ring is shown in 
Figure 2.5 below. 

 
Figure 2.5 PD modeling 

3. Costas Loop System Generator simulation 

3.1. QPSK modulation module construction 

Simulink is a graphical simulation tool of MATLAB software, which can be used to build 
simulation models, and the software has a more comprehensive simulation and analysis 
module to observe and analyze multiple signals [9]. To verify the performance of carrier 
extraction in this design, Simulink is used to model the QPSK modulation module, and Figure 
3.1 shows the built QPSK modulation simulation model. 
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Figure 3.1 Block diagram of QPSK modulation 

The Bernoulli module is used to generate consecutive binary pseudo-random numbers as data 
for the baseband. Specifically, the Probability of a zero is set to 0.5 in the module, which means 
the probability of 0 and 1 in the generated binary random integer is equal, both are 0.5. The 
baseband data rate is set to 1Mbps, which means the Sample time is set to 1/1000000.The 
module Down sample and Unit delay can be used to complete the data serial and parallel 
conversion. The module Switch can complete the QPSK symbol mapping. Figure 3.2 shows the 
constellation diagram after QPSK symbol mapping. 

 
Figure 3.2 QPSK symbol mapping constellation diagram 

From Figure 3.2 it can be seen that the baseband data are strictly clustered in four phase points 
[-1 -1], [-1 1], [1 -1], [1,1]. The subsequent module Raised Cosine Transmit Filter is a pulse 
shaping filter, to avoid inter-code interference, the Rolloff factor is set to 0.35 and set to 8 times 
up-sampling, Figure 3.3 shows the results of the shaping filter simulation, the waveforms from 
top to bottom are I,Q,I pulse shaping data, Q road pulse shaping data. 



Scientific Journal of Intelligent Systems Research                                                                                        Volume 3 Issue 12, 2021 

ISSN: 2664-9640                

171 

 
Figure 3.3 Forming filter data 

As can be seen from the above figure, the overall signal of the baseband signal becomes 
smoother after the shaping filter, and the high frequency component is reduced. Subsequently, 
the baseband data is carrier modulated, and here we set the carrier frequency for the signal 
source to 10.7 MHz and set the sampling frequency to 65 MHz. the spectrum of the modulated 
baseband signal is shown in Figure 3.4 below. 

 
Figure 3.4 Modulation output spectrum diagram 

From the above figure, we can see that the main flap bandwidth of the modulated signal is about 
1MHz and the IF is 10.7MHz, which meets the modulation simulation requirements. 

3.2. Overall system modeling 

The modulation module and Costas ring are packaged into separate modules and piggybacked 
into the overall system block diagram, as shown in Figure 3.5 below. 

 
Figure 3.5 Overall system block diagram 
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The constellation diagram of the modulated signal after passing through the Costas loop is 
shown in Figure 3.6. Analysis of the constellation diagram shows that the loop can carry out the 
extraction of the carrier frequency normally. 

 
Figure 3.6 Loop constellation diagram 

4. Costas Loop hardware implementation 

4.1. Building a hardware co-simulation system 

Included in the Costas package module is the System Generator module, which provides the 
entire system control as well as simulation parameters, and the logic project is obtained from 
it [10]. This module allows to select the compilation type, platform chip model and project 
directory. The setup of the System Generator module in this design is shown in Figure 4.1 below. 

 
Figure 4.1 System Generator parameter settings 

After setting the parameters, click Generate, the system will generate the JTAG Cosim module, 
copy this module into the original project to get our hardware co-simulation system, the overall 
framework is shown in Figure 4.2 below. 
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Figure 4.2 Hardware co-simulation framework 

4.2. Hardware Testing and Analysis 

XILINX's ZC702 board was selected for this design, and its JTAG port was connected to the 
computer so that the bit stream could be downloaded to the board. After the board was 
powered up normally, the waveform of the Costas loop was observed. The specific waveform is 
shown in Figure 4.3 below. 

 
Figure 4.3 Baseband after carrier synchronization 

By analyzing the signal after carrier synchronization compared with the unmodulated 
baseband signal, it can be seen that this loop can complete the carrier frequency extraction 
normally. 

5. Summary 

In this paper, we first analyze the principle of the carrier synchronization module and make 
some optimization of the algorithm itself while satisfying the system performance [11]. The 
hardware modeling of the Costas ring is combined with the System Generator software under 
MATLAB, and the Verilog code is automatically laid out and loaded onto the specified board. 
The experimental results show that the designed Costas ring can achieve the synchronization 
of the carrier and better achieve the function of frequency locking. 
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