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Abstract – The Costas-loop is commonly used in BPSK 
demodulation. But it is very difficulty to implement the 
low-pass-filter for a high frequency carrier. This paper 
analyzes the Costas-loop as a phase-tracking-
architecture and proposes a new BPSK demodulation 
scheme that uses a half-rate bang-bang phase-detector. 

Keywords: BPSK, tracking, Costas-loop, half-rate bang-
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1 Introduction 
  There are many electronic appliances at home and 
there is an increasing demand for establishing 
communication among them. Since installing new lines 
for linking home appliances at home causes many 
problems, approaches based on either wireless 
communications or already-built-in lines are preferred. 
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Figure 1. Channel use of cable line 
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Figure 2. BPSK modulation 

   

 In the second approach, using cable lines installed in 
many houses is one good solution. In order to establish 
new home-networking communication channels based on 
cable lines, high-frequency carriers have to be used so 
that cable TV signals are not affected as shown in figure 1. 
In addition, the new home-networking communication 
must support very high data rates since many of today’s 
home applications demand high data rates. 

 The goal of our research is realizing a high-speed 
BPSK modem with a high carrier frequency (> GHz) that 
can be used for the above-mentioned application. We are 
interested in BPSK because its modulation scheme is 
simple as shown in figure 2 and, because of that, it is 
possible to realize a modem with GHz-range carrier 
frequency.  In this paper, we first analyze the Costas-loop, 
the classic BPSK demodulator scheme, identify its 
problems for our application, and proposes a novel 
scheme which overcomes such problems. 

2 Costas Loop 
 Figure 3 shows the block diagram of the Costas-loop. 
At first, two sine waves with 90-degree phase difference 
are multiplied to the modulated signal. Assume that θ  is 
the phase difference between transmitter and receiver 
carries, two outputs of multipliers are given as 

m(t)cos(ωt)cos(ωt+θ) = m(t){cosθ+cos(2ωt+θ)}/2 

m(t)cos(ωt)sin(ωt+θ) = m(t){sinθ+sin(2ωt+θ)}/2 

 The LPF removes high frequency terms having 2ω, 
so that only the terms having θ remain. Then, the product 
of two LPF outputs is given as 

m(t)2cosθ sinθ 

 which is proportional to the square of m(t). But this 
square term is always 1 because m(t) is either ‘1’ or ‘-1’. 
So we can get the output of sin2θ. The phase difference 
will disappear with the feedback-loop which makes θ zero.  
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 Figure 3. Block diagram of a Costas-loop 

In addition, m(t) is also recovered when the phase 
difference goes to zero, because outputs of two LPFs are 
m(t)cosθ and m(t)sinθ. 

 However, it is difficult to implement the LPF for 
very high frequency carriers. By using a simple RC 
structure, the flatness of the high frequency response is 
poor. The required area for the filter is also large. With 
these problems, the circuit cannot be used for high-
frequency applications. 

3 Novel Structure 
 The Costas-loop is a phase-tracking architecture like 
CDR or PLL. Mixers and LPFs in the conventional 
structure can be simplified as a PD(phase detector) having 
the output of sin2θ as shown in figure 4. The 
characteristics of this PD are shown in figure 5. It is 
similar to the characteristics of the commonly used half-
rate PD in CDRs, shown in figure 6. 

 It is possible to demodulate the BPSK signal by 
using a half-rate bang-bang PD as shown in figure 7. The 
shape of the BPSK signal is similar to “1010” when the 
data is high and “0101” when the data is low. By using 
the half-rate bang-bang PD, the clock of the receiver can 
synchronize the modulated signal and sample the data 
sequence as “1010…0101”. After inverting the data 
sampled at the falling edge, the transmitted data are 
recovered. 

 Because of the frequency offset between data and 
the carrier, transitions at wrong timing can occur at the 
transition of data. But there are more transitions at correct 
timing if the data rate is sufficiently lower than the carrier 
frequency.  

 The block diagram of the proposed demodulator is 
shown in figure 8. An LPF is added to reject jitters from 
sampling. But in this scheme, a digital filter can be used 
because the input signal is oversampled. Using a digital 
filter significantly decreases  the cost of circuit realization.  

Figure 4. Modified block diagram of a Costas-loop 
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Figure 5. Characteristic of Costas-loop as a PD 

Δθ

output

 

Figure 6. Characteristic of half-rate bang-bang PD 

Carrier

Data

Modulated
Signal

Receiver
Clock

1 0 1 0 0 1 0 1 1 0

1 1 1 1 0 0 0 0 1 1

Demodulated
Data  

Figure 7. Proposed demodulating scheme 

The additional CDR after the demodulator can be 
implemented easily by using an oversampling CDR 
architecture such as [1]. 
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Figure 8. Block diagram of the proposed demodulator 
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Figure 9. Modified half-rate bang-bang PD 

 

 BPSK demodulator can use any type of CDR 
architectures by using a half-rate PD. We can also use any 
type of half-rate PDs  and phase control algorithms. 
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Figure 10. Block diagram of the test demodulator 

 
4 Implementation 
 In order to implement the desired PD, the PD shown 
in [2] is modified as shown in figure 9. Two multiplexers 
inside the dotted line are added. They invert the sample at 
the falling edge of the clock. So the modified PD outputs 
the phase information and also demodulated data. 

 This PD outputs only two states, lead or lag. In CDR 
applications, it can cause a problem in that the 2-state PD 
produces a wrong state output when there is no transition. 
But in BPSK applications, it does not matter if the data 
rate is sufficiently lower than the carrier frequency, 
because the wrong state output appears only at the 
transition of data. 

 To verify the operation of our scheme, we designed 
a test circuit by using TSMC 0.18 μm process. This test 
circuit uses the phase control algorithm given in [3]. But 
the test circuit has two interpolators using the same 
controller and different phases from PLL as shown in 
figure 10, because the half-rate PD needs multi-phase 
clocks. 

5 Simulation Results 
 The target carrier frequency is 2.5GHz and the target 
data rate is 500Mb/s. Since it is impossible to achieve 
perfect frequency match between transmitters and 
receivers, we added +0.02% frequency offset to the 
reference clock of the receiver in our simulation. The 
frequency offset between the carrier and data is not 
considered so that the eye diagram of modulated signals 
can be observed. 

 Figure 11 shows the HSPICE simulated eye-diagram 
showing the data sampling points. The gray line is the 
sampling clock in the demodulator. The BPSK-modulated 



signals have similar eye-diagrams to the eye-diagram of 
the data sequence. The sampling clock is centered. The 
peak-to-peak jitter is 34.255ps in this simulation. Figure 
12 shows demodulation process. 

6 Conclusions 
 We analyzed the conventional Costas-loop structure 
with a different perspective, and came up with a novel 
scheme to demodulate BPSK signals. This demodulator 
can handle a very high carrier frequency such as 2.5GHz. 
The demodulator was designed with TSMC 0.18μm 
CMOS process, and the simulation was done for 
demodulating 500Mb/s data with 2.5GHz carrier 
frequency. Simulation results show that the proposed 
scheme can be used for the demodulation of BPSK signal 
modulated with high frequency carrier. 
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Figure 11. Simulation result : Sampling 
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Figure 12. Simulation result : Demodulation 
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