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Abstract

This paper is concerned with data pattern sensitivity in carrier tracking performance of an
AC coupled Costas loop with a suppressed BPSK signal. The signal amplitude suppression
factor is derived as a function of data “asymmetry ratio” - the ratio of “1”s to the total
number of bits in a period of a periodic signal. For an asymmetric pattern, the effect of AC
coupling is noticeable whereas there is almost no effect for symmetric squave wave. The
tracking performance with an asymmetric pattern is worse than that with a symmetric
pattern. However, it is also shown that as expected, the tracking performance of a DC
coupled loop with an asymmetric pattern is better than that with a symmetric pattern.

INTRODUCTION

This paper is concerned with the data pattern sensitivity in the carrier tracking performance
of a breadboard Costas loop designed for the Multimegabit Telemetry Demodulator/
Detector (MTDD) system at JPL [1]. The Costas loop with a hard-limited in-phase
channel is AC coupled in the arm filters. The tracking performance of a DC coupled
Costas loop with a hard-limited in-phase channel has been previously studied [2]. Even
though the purpose of the use of a hard-limiter and a chopper type third multiplier is to
reduce the unwanted DC offset effect and not to lose the data power around zero
frequency [2], the AC coupling in the arm filters is used for practical design view point.

Obviously, the AC coupling will deteriorate the carrier tracking performance for a
suppressed carrier BPSK signal with an asymmetric data stream. The data with an
asymmetric pattern is defined here as a data stream which has more ‘1’s than ‘0’s or vice
versa.



The purpose of this report is to determine the data pattern sensitivity for the AC coupled
Costas loop by calculating the signal suppression factor and the squaring loss. The result is
compared to the DC coupled loop performance. The analysis shows that the phase jitter
for an asymmetric pattern is slightly larger than that for a symmetric pattern. As expected,
the AC coupling does not give much effect for a symmetric pattern.

SYSTEM MODEL

The block diagram of the Costas loop under consideration is shown in Figure 1. Note that
there are AC couplings with RC high-pass filters in front of the single-pole Butterworth
filters (Low-pass RC filter). The loop filter is of an imperfect second order type.

The tracking performance of this type of Costas loop with DC coupling has been studied
for a symmetric NRZ data case [2]. The previous results can be applied to the present
problem with some modifications.

The input signal s(t) is a suppressed carrier BPSK signal:

(1)

where P is the total received power, m(t) is a binary data modulation, To is the angular
carrier frequency, 2(t) is the random carrier phase, ni(t) is the additive white gaussian
noise.

For a while, let’s assume m(t) is any binary data stream with levels ± 1. Let 2(t) = 2o +Sot
where 2o is a random phase independent of time and So is the frequency offset. As usual,
ni(t) is assumed the bandpass additive noise process. It can be written as follows [3]:

(2)

where Nc(t).and Ns(t) are approximately statistically independent, stationary, low pass
white gaussian process of single-sided spectral density No w/Hz and single-sided
bandwidth Bi/2 less than To/2B.



Figure 1.  Functional Block Diagram of the Costas Loop

It can be shown easily [2] that the equation of loop operation is:

(3)

where 2(t) = 2(t) -          

          = the estimated phase of the VCO output signal

K = K1KmKv = total loop gain

K1 = the VCO output rms voltage

Km = the in-phase and quadrature-phase detector gain

Kv  = the VCO gain in radians/volt-sec.

      = the signal amplitude suppression factor

f1 (x) = a nonlinearity with period 2 B and unit slope at x = 0

ne(t,N) = the effective noise process



 n) (t,N) = the self noise

The effective noise process equation can be obtained:

(4)

where

(5)

H(p) = the high pass RC filter transfer function in the Heaviside notation

G(p) = the low pass am filter transfer function

p     = the Heaviside operator

        =        

The self noise is defined by:

(6)

where the overbar denotes the ensemble average and <·> denotes the time average.

Since the self noise is proportional to sin N, it will be very small in the narrow loop
bandwidth.



The signal amplitude suppression factor [2] is defined by:

(7)

Now disregarding the self noise term the equation of loop operation under consideration is

(8)

ANALYSIS

We are concerned here with the tracking performance of this Costas loop for a binary data
stream with an asymmetric pattern. Since it is understood that the tracking performance
depends on the transition probability of the data level, let the data be periodic signal with
total number of ‘1’ larger than total number of ‘0’. Then the data can be written as:

mp(t) = u(t) - 2u(t-Nto) + u(t-T)    0<t<T (9)

mp(t+iT) = mp(t) œi = 0,±1, ±2, ...

 where u(t) the unit step function

to the bit width

(N+L)to = the period of periodic data pattern / T

N = the total number of ‘1’ bits in the period

L = the total number of ‘0’ bits in the period

Thus the data m(t) is in general:

(10)

The suppression factor      for the above data pattern is:

(11)



From (11) and (5) we have:

Using the relation [2]

(13)

we have

(14)

The overbar in Eqn (13) is the ensemble average with respect to noise process and

(15)

Now we have to derive the filtered output data due to the AC coupling filter and the
lowpass arm filter.

The transfer function of the high-pass filter is:

(16)

where f1 = 

The transfer function of the low-pass filter is:

(17)

where f2 =                 



Figure 2.  AC coupled arm filter

Generally R2C2 << R1C1

i.e. f2 >> f1

With the above assumption, the total transfer function of the AC coupled arm filter
becomes approximately the product of H(jT) and G(jT). I

First, let’s examine the step response of the AC coupled arm filter since the data waveform
is a linear combination of step functions.

The impulse response of the high-pass filter is as follows:

(19)

where u(t) = unit step function

*(t) = delta function

The step response of the high-pass filter also can be obtained easily:

(20)

The output of the low-pass arm filter for the signal in Eqn. (20) is given by:

(21)



where g(t) =                               (22)

= the impulse response of the low-pass filter

Carrying out the convolution we have:

(23)

Assuming the intersymbol interfence lasts for the period T, the output filtered data for the
input stream of Eqn. (9) is:

(24)

where T = (N+L)to

to = 1/symbol rate

Now we can derive the suppression factor using Equations (24) and (14)

(25)

where

(26)

u(x) = unit step function (27)



Basically Eqns. (25)-(27) are sufficient to define the suppression factor. To make the
expression tractable, let’s change the form of equations as a function of Rd, Bi/Rs and

where
Rd = the energy per symbol-to-noise density ratio

Bi = the two-sided arm filter noise bandwidth

Rs = the symbol rate = 1/to

$  = the pattern asymmetry ratio

The pattern asymmetry ratio is defined by the ratio of number ‘1’ to the total symbol
number in the period T:

The two-sided noise bandwidth Bi is related to the 3-dB cutoff frequency of the low-pass
filter if there is no AC coupling:

Bi = Bf2 (29)

Since f2 >>f1, the equation (29) still is approximately valid for the AC coupled arm filter.
Substituting Eqns. (28) and (29) into (26) and (27) we have:

(30)

where

c = f1/f2 (31)

(32)

The suppression factor now can be expressed as a function of Rd, Bi/Rs and $ .
It is summarized in Table 1.



The SNR at the input of the arm filter is:

(33)

where Rd = the energy per symbol-to-noise density ratio
Rs = symbol rate

Table  1.



Example

For 100 kbps data, the filters are built with the parameters:

R1 = 51 S

C1 = 10 µf

R2 = 510 S

C2 = 2451 pf

then

Let

The suppression factors for these conditions are summarized in Table 2.

TABLE 2

                                           

AC Coupled
$ = 7/8

DC Coupled
$ = 7/8

AC Coupled
$ = 0.5

DC Coupled
$ = 0.5

DC Coupled
NRZ*

- 4 - 12.0 - 9.8 - 11.7 - 11.7 - 10.5

- 2 - 10.1 - 8.0 - 9.9 - 9.9 - 8.6

0 - 8.3 - 6.2 - 8.1 - 8.1 - 6.7

+ 2 - 6.7 - 4.6 - 6.4 - 6.4 - 5.0

Data rate = 100 ksps
R2C2 /R1C1 = 2.5 x 10-3

* The suppression factors are obtained from Ref. [2].



The carrier tracking these jitter is given by:

(34)

where

BL = the single-sided loop bandwidth (35)

(36)

(37)

(38)

                                 = the square loss (39)

To calculate Eqn. (34), we have to derive the effective noise density Ne. Using the
definition of ne(t) (4) and Eqn. (37), it can be shown

(40)

where

(41)

(42)

It is not our intention to carry out the calculation of Eqn. (40). By showing the effective
noise density does not critically depend on the data pattern, we can estimate the data
pattern sensitivity based on the suppression factor shown in Table 2.



In Eqn. (40),               does not depend on the data at all.                is the autocorrelation
function of the output limiter. Thus for rough analysis, it may assume that the effect of data
pattern is small.

DISCUSSION

The results in Table 2 show that AC coupling in the arm filter deteriorate the carrier
tracking performance for an asymmetric pattern data but it does not affect the symmetric
data.

With DC coupled Costas loop, the asymmetric pattern gives better carrier tracking
performance than a symmetric pattern. An NRZ data gives better performance than a
square wave.

For AC coupled Costas loop, the pattern with $ = 7/8 has slightly worse performance than
the symmetric pattern ($ = 0.5).
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