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High-Accuracy Carrier Phase Discriminator in
One-Bit Quantized Software-Defined Receivers

Chieh-Fu Chang, Member, IEEE, and Ming-Seng Kao

Abstract—1In this letter, a novel phase discriminator called digital
phase discriminator (DPD) is proposed for 1-bit analog-to-digital-
conversion (ADC) software-defined receivers. Using fewer compu-
tations, the DPD achieves higher accuracy than that of the typical
arctangent phase discriminator (APD). The improvement is up to
several orders when the sampling frequency keeps increasing since
the accuracy of APD is bounded mainly due to quantization loss.
Finally, the simulation results demonstrate the superiority of the
proposed approach and the critical uniformity condition is veri-
fied.

Index Terms—Analog-to-digital-conversion (ADC), arctangent
phase discriminator (APD), digital phase discriminator (DPD),
phase discriminator, software-defined receiver.

1. INTRODUCTION

HE idea of 1-bit analog-to-digital-conversion (ADC)

have been investigated and widely implemented in GPS
software-defined receiver and low-power satellite communi-
cations due to efficient bitwise processing and avoidance of
automatic gain control [1]-[6]. In carrier synchronization, the
noncoherent phase detection traditionally adopts arctangent as
its phase discriminator which maximizes signal-to-noise-ratio
(SNR) for analog signal case in additive-white-Gaussian-noise
(AWGN) channel [7]. Since arctangent takes a significant com-
putation at each tracking cycle for real-time implementation, a
number of modifications were proposed in order to reduce the
computation [8]. However, all of them are limited by specific
constraints accordingly, and their accuracy degrades greatly
because of 1-bit ADC, with the degradation larger than 2 dB
in power for most applications [4], [9]. This is due to the high
quantization loss associated with 1-bit quantization, which
inevitably reduces the accuracy in phase estimation.

In this letter, a novel phase discriminator for software-defined
receivers with 1-bit ADC was proposed. We directly utilize the
polarity information provided by 1-bit ADC to estimate signal
phase in order to avoid the significant loss in 1-bit quantiza-
tion. This approach is developed based on digital perspective
and hence called digital phase discriminator (DPD). It can be
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Fig. 1. Phase discriminator of a 1-bit software-defined receiver.

shown that the proposed DPD achieves much higher accuracy
than that of traditional APD. Moreover, as linear function is used
in phase estimation, the computation of our approach is also re-
duced comparing with the nonlinear arctangent method.

II. MOTIVATION

Consider the phase discriminator in a typical 1-bit software-
defined receiver as shown in Fig. 1. Let the received signal s()
be given by

s(t) = Acos(wet + 0) + n(t) (1

where A is the signal amplitude, w.. is the down-converted car-
rier frequency, 6§ is the unknown phase, and n(t) is the added
Gaussian noise. As phase detection is of interest, the output fre-
quency of the numerical control oscillator (NCO) is assumed to
be equal to the incoming carrier frequency.

First, for the inphase branch, ay, is given by

ar, =sgn [s(kTs)] - sgn[cos w.kTs]
=sgn [s(kTs) - cosw.kTy]

A
=sgn | 5 [cos 0 + cos(2w.kTs + 6)]
+ coswekTs - n(kTs)] 2)

where T is the sampling period and sgn[z] denotes the polarity
function of z, i.e., sgn[x] = 1if z > 0 and sgn[x] = —1 if
2 < 0. Similarly, for the quadrature branch, by, is given by

A
b, =sgn Bl [— sin 0+sin(2w kTs+0)]+sinw kT - n(kTs) | .
3)

1070-9908/$25.00 © 2008 IEEE



398

Suppose T is the observation time and K = T/Ts. Then the
outputs of summations are given by

K—1 A
I= sgn {5 [cos 0 + cos(2w kTs + 0)]
k=0
+ coswkTs - n(kTs)] “4)
K-1 A
Q= sgn {5 [—sin @ + sin(2wkTs + 6)]
k=0

+sinw kT - n(kTy)]. ®)

Finally, the phase is estimated using APD, given by

6 =—ATN?2 [%] (6)

where AT N2(-) denotes the arc-tangent-2 function. The sum-
mation process in (4) and (5) actually approximates integration
in the analog domain. If all the signals in Fig. 1 are analog and
the noise is neglected, the I-channel and Q-channel outputs of
integrators become

T
A AT
I,= / 3 [cos 0 +cos(2w.t+0)] dt = — cos 6 (7

o
T

A AT
Q.= / 3 [— sinH—l—sin(cht—l—H)]dtz—T sinf  (8)

o

where the high-frequency terms are neglected after the integra-
tion. Thus, the phase estimate using APD is given by

6, = —ATN2 [?”} =9. 9)
Egs. (4)—(6) approximate to (7)—(9) when m-bits quantization is
adopted and m — oo. Unfortunately, when one-bit quantization
is adopted, the estimated phase of (6) deviates from the real one
due to significant quantization loss.

III. PROPOSED APPROACH (DPD)

Without loss of generality, we take A/2 = 1 and neglect noise
component in (2). We have

ay = sgnfcos b + cos ¢i] (10)

where

o = 2w kTs +6 mod 2w (11)
and k = 0,1,2... N — 1. Obviously, aj can be considered as
the polarity of a discrete sinusoid plus a dc bias specified by
cos 0. Assume ¢}, ’s are uniformly distributed over [0, 2], where
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Fig. 2. Phase discriminator of a 1-bit quantized software-defined receiver.

k =0,1,2... N —1. Define the ratio of negative samples to the
total number of samples within 7" given by

N

= 12
=y (12)
where N_ is the number of samples with a;, = —1. From Fig. 2,
when 0 < 0 < 7, ap = —1 only if ¢ is within the interval

[ — 0,7+ 6]. Since ¢y, ’s are uniformly distributed over [0, 27]
if N is sufficiently large, the parameter 7); is approximated by

‘N20_9
mN27r_7r'

(13)

On the other hand, when —7 < 0 < 0, a, = —1 only if ¢
is within the interval [r 4+ 6,7 — 6]. In this case

T

= or T

(14)

From (13) and (14), € can be simply obtained from 7); with
polarity ambiguity. This ambiguity can be resolved when
Q-channel signal is considered. Neglecting noise component in
(3), we obtain

b = sgn [—sin b + sin(2w kT + 6)]. (15)
Define
NI
e = 7 (16)
where N’ is the number of samples with b, = —1. Following
the same logic as deriving (13) and (14), we have
1 0 T s
~N-—+— if —=< — 1
Mg 2-!-7r i 2_9<2 a7
3 40 T 37
~——— if —<f<— 1
Ut I A (18)
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From (17) and (18), we obtain

if 0<f<nm (19)

i
=)
Vv

it —m<6<o. (20)

=
_
IN
N =N =

Clearly, the polarity of # can be obtained directly from 7.
From (13), (14), (19), and (20), the phase can be derived by

1
6 =sgn g =5 | T

Hence, we can simply use two negative sample counters (NSC)
to count the number of negative samples of a; and by and es-
timate the incoming carrier phase. From implementation view-
point, the NSC result can be derived from summation outputs /
and @ in Fig. 1 given by

21

N-—-1T

i = ON g =

N-Q
2N

(22)

which enables the proposed approach to readily fit in the tradi-
tional structure.

IV. SIMULATION RESULTS

The phase estimate error of APD and proposed DPD via § €
[—7, ] are provided in Fig. 3 when 7" = 1 msec, carrier fre-
quency f. = 15.42 MHz, sampling frequency f; = 512 KHz,
and 4.096 MHz. From Fig. 3, in general, DPD phase error is
much less than that of APD. Besides, both APD and DPD es-
timated errors exhibit periodic property and the transient vari-
ation via phase reduces when the sampling rate increases. In
order to investigate the relationship between error performance
and sampling frequency, we take the mean-squared error (MSE)
over § € [—m, x| in both cases using different fs as shown in
Fig. 4 and Table I. From Fig. 4, the phase error of APD is almost
independent of f; when f; > 512 KHz. In contrast, the phase
error of DPD constantly decreases as f; increases. It means that
the accuracy of APD is bounded and DPD can attain several or-
ders of improvement when the sampling rate keeps increasing.

V. UNIFORMITY CONDITION

In the proposed approach, the uniform assumption of ¢x’s
over [0, 2] is a critical requirement to obtain the desired results.
In the following, we are going to discuss this assumption. First,
from (11) and for simplicity, let § = 0. The carrier phase is
given by

oL = ff k' mod 2. (23)
In general, 2f./ fs is a rational number written as
2fc
Je _ 4 1 (24)

fs P
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Fig. 3. Phase error of (a) typical APD and (b) proposed DPD when I =
1 msec, f. = 15.42 MHz, f, = 512 KHz (dashed line), and 4.096 MHz
(solid line).
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Fig. 4. Squared root of MSE using typical APD (solid line) and proposed DPD
(dashed line) when f; = 0.128 MHz, 0.512 MHz . .. 65.536 MHz.

TABLE I
SQUARED RoOT OF APD MSE AND DPD MSE IN FIG. 4

7, (MHz) 0128 | 0.256 | 0.512 | 1.024 | 2048 | 4.006 | 8.912 | 16.384 | 32768 | 65.536

Squaredroot | 4.352 | 3347 | 3.034 | 2051 | 2034 | 2920 | 2023 | 2028 | 2927 | 2927
of APD MSE
(degree)
Squared root | 3.451 | 1.725
of DPD MSE

(degree)

0.8627 | 0.4314 | 0.2157 | 0.1078 | 0.0539 | 0.027 | 0.0135 | 0.0067

where n is the greatest integer less than or equal to 2./ f5, while
p > q and they are relative prime integers. Obviously, ¢y, is
a periodic function with the period p. Hence, we only need to
consider ¢y, where £ = 0,1,2...p — 1. Next, we have the
following lemma.
Lemma I: Foranyi,j < pandi # j, |¢; — ¢j| > 27 /p.
Proof: Without loss of generality, assume ¢ > j. Then

|ps — il = —-q-(i—3j) mod 2. (25)
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Let & be the greatest common divider of p and ¢ — j, and

i—j=uv-h.

Hence

2
|<Z>1:—§/>j|:—7r-q-v mod 2.
u

(26)
Since (u, v) are relative prime integers and so are (u, q), it fol-
lows

=gyl > 2> 2
u p

The only distribution of ¢y, where &k = 0,1,2...p — 1, satis-
fying (27) is the uniform distribution over [0, 27]. For example
in our simulation case, f. = 15.42 MHz and f; = 4.096 MHz.
This corresponds to n = 7, ¢ = 271, and p = 512 in (24). As
T = 1 msec and the value of observations within 7" is 4096,
which is the multiple of p. The uniform condition in Lemma 1
is satisfied and p is sufficiently large to obtain accurate results.

27)

VI. DISCUSSIONS AND CONCLUSION

In noiseless (the noise effect can be neglected compared
with quantization loss) environments, the proposed DPD has
been shown to achieve higher accuracy than traditional APD
in 1-bit software-defined receivers up to several orders since
the accuracy of APD is bounded as shown in Fig. 4. Hence, the
proposed phase discriminator may be applied in high-accuracy
ranging analysis or some high-precision instrumentations.
Besides, the DPD can be readily derived via the traditional
structure from (21) and (22), and the computation is reduced
compared with nonlinear arctangent discriminator. This feature
makes the proposed phase discriminator very attractive in
real-time processing receivers.

For noisy environment, we must consider noise effect and
modify the DPD in (21), which is illustrated in Fig. 5 using
Monte Carlo simulation for 100 trials. From this example, the
proposed DPD is more sensitive to the noise than traditional
APD, and the performance may be worse than APD in low SNR
cases. In order to broaden the applications of DPD, a modified
DPD having noise robust characteristic is under investigation.

Next, the DPD actually utilizes digital sampling output of
1-bit ADC to extract phase information. The “flavor” is similar
to recent frequency delta-sigma frequency discriminator which
converts instantaneous frequency deviation to digital samples
[10]-[12]. The incorporation of each other may benefit mutually
and enlarge the associated applications.

Finally, this letter also reveals the periodic characteristics of
error performance in 1-bit software-defined receiver as shown in
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Fig. 5. Squared root of phase estimate MSE using typical APD (solid
line) and proposed DPD (dashed line) in noisy environments when
SNR = (a)20 dB, (b) 10 dB and (c) 5 dB using Monte Carlo simu-
lation for 100 trials.

Fig. 3. These characteristics are consistent with our intuition as
we consider the incoming sinusoidal wave as a periodic square
wave in digital perspective. More interesting characteristics are
worth exploring and would be our next step.
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