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Abstract: The realization of a digital phase-locked loop (DPLL) requires to choose a suitable phase detector and to
design an appropriate loop filter; these tasks are commonly nontrivial in most applications. In this paper, the DPLL
system is first formulated as a state estimation problem; then an extended Kalman filter (EKF) is applied to realize
this DPLL for estimating the sampling phase. Therefore, the phase detector and loop filter are simply realized by
the EKF. The proposed DPLL has a simple structure and low realization complexity. Computer simulations for a

conventional DPLL system are given to compare with those for the proposed timing recovery system. Simulation

results indicate that the proposed realization can estimate the input phase rapidly without causing a large jittering.
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1 Introduction

Phase-locked loop (PLL) which constitutes a basic
building block for many synchronizers like carrier re-
covery or timing recovery is essential in most digi-
tal communication systems. Owing to the continued
advancement in VLSI, all digital phase-locked loop
(DPLL) has been under extensive investigation for
several years [1, 2]. To realize a DPLL system, how-
ever, the selection of a phase detector [3, 4, 5] is cru-
cial and the design of a loop filter is nontrivial.

A DPLL is, in general, a nonlinear system due to
the nonlinear behavior of the phase detector. Unfortu-
nately, few studies have been published on modeling a
phase detector. Hence, the loop filter design often ig-

ter (KF) was realized as a loop filter to fulfill the above
characteristics together with time-variant loop gains
[8, 9, 10, 11], and these Kalman gains were shown
to be equivalent to the time-variant loop gains of a
DPLL. The performance of this DPLL bit synchro-
nizer is significantly improved by using these time-
variant loop gains in place of the fixed gains of a con-
ventional DPLL.

Although Driessen [8] used a KF to realize the
loop filter of a DPLL, this realization did not take the
phase detector into account and the timing informa-
tion was assumed to be known in advance. In this pa-
per, we use an extended Kalman filter (EKF) to realize
the loop filter as well as the phase detector of a DPLL,
and the loop gains are easily obtained via the extended

nores the dynamics of the phase detector, causing the K aiman filtering techniques. The proposed system has

performance of the DPLL less reliable. The conven-
tional loop filter design involves in selecting the order

of the loop filter and determining its loop gains such

that the performance of a DPLL satisfies fast phase
acquisition and small phase jitter. However, the two
characteristics of conventional DPLL systems with

fixed loop gains are contradictory since fast phase
acquisition requires wide loop bandwidth and small

phase jitter requires narrow loop bandwidth [6, 7].

Moreover, the determination of the loop gains is dif-

ficult using the transfer function approach, especially
when the order of the loop filter is high. A Kalman fil-
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a simple structure and low realization complexity.

The rest of the paper is organized as follows. In
section I, the channel model is described and the
function of a DPLL is briefly reviewed. In section
I, we formulate the DPLL system as a state estima-
tion problem and apply an EKF to realize this DPLL.
In section IV, phase domain models of both a conven-
tional DPLL and the proposed EKF-based DPLL are
described. In section V, simulations are shown to ver-
ify the proposed DPLL. Finally, conclusions are given
in section V.
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2 ChannelModel and DPLL System
Overview

alize this DPLL for estimating the sampling phase due
to the nonlinear relationship between the input phase
and the noise-free data. To establish the model [8],

The baseband model of a synchronous data transmis- define the state vectar, = [¢;, éx|7, whereé, is the

sion system is shown in Fig. 1. The information se-
quence{ay } is independently chosen from the set of
{1, —1} with equal probability, and the data lif, is

transmitted through a transmission channel at time in-

stantt, = (k — )T, whereT is the bit interval and

€x IS the input phase, normalized with respectito
Owing to the channel imperfections, an equalizer is
commonly included to eliminate the intersymbol in-
terference. Thus, the overall impulse respoh&g

timing offset; write the process equation as:
(4)

Tp+1 = Pxp + Ui

11

where the state transition matrix = l 01

] and

v = [ Z’; ] representing a zero mean phase jitter

ur and zero mean timing offset jitter,. Since the

encompasses the transmission channel and an equal-ygise-free data; of the measurement equation (3) is

izer; the output of the equalizer can then be described 3 nonlinear function of the state vectoy = |

as:

oo

> aih(t— (i —€)T) + n(t)

i=—00

r(t) = )
wheren(t) is the filtered noise.

Assumeey, is slowly time-variant, and write the
sampling data of (1) attime instatyt = (k—ép,—1)7T
as:

L

rh= Y ap—ihi((e — Egp—1)T) + i 2)

i=—L

where r, = r((k — &p-0)T), n,. = n((k —
éxk—1)T), and L is chosen such that the term,
hi((€r — €gr—1)T) = h(iT + (€x — égr—1)T), is neg-
ligible for |i| > L. In a compact form, (2) is rewritten
as:

af h((er — épp1)T) + ni
= Y tng

Ty =
3)

where the data vectar, = [agir---ar---ap_r]",

the channel parameter vecth((ex — €;,—1)7T) =
hor((ex — éxp—1)T) - -ho((ex — Exp—1)T) -
hr((ex — ék‘k_l)T)}T, and the superscrigff denotes
the transpose. Thug; denotes the noise-free data of
ri. The DPLL processes the measurement dati#
adjust the sampling tim&, such that the timing error
er =ty —tp = (ex — éxk—1)T is approaching zero,
whereéy ., is the predicted estimate ef. Specifi-
cally, the information sequende: } is either known
as a prior in the training mode or replaced by its es-
timate {a;} in the tracking mode, and this class of
DPLLs is classified as the data-aided (DA) structure.

3 Extended Kalman Filter for a
DPLL System

In this section, we formulate the DPLL system as a

state estimation problem, and an EKF is applied to re-
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- T
€k €k)"
itis linearized about the predicted estimatg;,_, of
xy as:

yr = aj h(0) + Hy(wp — &xp—1) (5)

The vectorh(0) contains the samples of the overall
channel impulse response without a phase error, i.e.,
h(0) = [h_1(0)---ho(0)--- hr(0)]T. Notably, the
transpose of the Jacobian matrix plays the role of the
measurement matrix in the regular Kalman filtering
and is given by

_ Oy Oyk
Hk - |: Oey, Oég }mk:ik\k—l
= [alr@ of - ®
where R'(0) = [0 ;((ek erp—1)T) -

ho((er — xpe—1)T) - Iy (e — e ¢,

i = —L,...,0,...,L. Thus, the EKF for a DPLL

system can be described as:
Tp+1 = Pxp + g 7)
zp = Hy(Tk — Thjp—1) + 1

where the datay, = 7, — a} h(0).

Furthermore, assume, andn;, are white Gaus-
sian noise with zero mean and their corvariance ma-
trices are given by

Blof] = { N ®)
and

where E|.] denotes the expectation operation. De-
note P, = E[(.’Bk — .’f?k)(:llk — :ﬁk)T] andeH‘k =
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Figurel: Model for the synchronous data transmission system

E[(@k41 — pp1)) (@41 — &p41)) " |. The extended
Kalman filter algorithm for estimating the phase and
timing offset of a DPLL fork > 0 is described in
the following with the initial state vectot,_; and
the corvarinace matri®, _; [12, 13]. The extended
Kalman gain equation is

Ky = Py H{(HpPy_H{ + R;,)"(10)

The estimation equation is

&y = &y + Ki(re — aj h(0)) (11)
The error covariance equation is
Py,=(I—- K. Hy)Pyj_, (12)
The prediction equations are
Zpy1p = Py (13)
and
Py =®P,@" +Q, (14)

The computational steps using equations (6) and
(10-14) are depicted in Fig. 2.

4 Phase Domain Analyses of a DPLL

In this section, the proposed EKF approach is fur-
ther shown to resemble a 2nd-order DPLL with time-
variant loop gains. Before doing this, we briefly de-
scribe a conventional 2nd-order DPLL and then com-
pare it with the proposed EKF-based DPLL.

The phase domain model of a conventional 2nd-
order DPLL is depicted in Fig. 3, which consisting
of a phase detector, a loop filter and a numerical-
controlled oscillator (NCO). Although the phase de-
tector is, in general, a nonlinear device, it is often
mathematically linearized as a constant gain. That is,

K

pd(€k — €xjr—1) (15)

T =

wherer; denotes the phase detector output &g
is called the phase detector gain. The conventional
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Enter prior estimate X,_,
and its error covariance Py,

Linearize the measurement equation
at X, =X,,_and obtain the
measuremet matrix H,

Y
Compute Kalman gain:

K, = Puk—lH: (HkPuk—lH: + Rk)_l

liro,r]""
¥

Update estimate with
measurement 7, :
X =Xy, K (5 - a;h(0))

\—> R ER ST

A,
Compute error covariance for updated
estimate:

P, =(1-K,H)P,

A,
Project ahead:
@uuk =dx,
g)kﬂ\k =QP +Q,

Figure 2: Extended Kalman filter algorithm for the
DPLL

design approach has to choose a suitable phase de-
tector and determine the fixed constahfs and K;

of the loop filter [14] such that the estimated phase
follows the input phase in some performance crite-
ria. However, these tasks are usually difficult and
time-consuming because the nonlinear dynamics of
the phase detector has been ignored. In this study, an
EKF is used to completely describe the DPLL with
time-variant loop gains and these design parameters
can be easily obtained by the Kalman filtering tech-
nigues.

The phase domain model of the EKF-based DPLL
is derived as follows. By substituting (11) into (13),
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Figure3: Phase domain model for a conventional 2nd-
order DPLL

the state estimation equation is given by

Epap = P&yt + BKy(rp — ai h(0))  (16)

We further definek, = [y, Bi]7 , and then rewrite
(16) in the following. Fork = 0,

€10 = €oj—1 + €o-1 + @020 + BoZo (17)

and

é1j0 = éoj—1 + Pozo (18)

Fork = 1 and using (18), write

€)1 €1j0 + €1j0 + @121 + P11
€10 + €oj—1 + Bozo + 121 + fr21

é1o + 0121 + Si_oBizi (19)

Finally, the estimate of,;._, is obtained recursively
by

Exlb—1 = Ek_1jk—2 + h—12k—1 + Zig Bz (20)

The phase estimate equation (20) is updated by in-
putting the phase informatior), through a filter with
time-variant loop gainsy, andg;. An EKF that com-
pletely models the DPLL and governs the phase up-
date equation (20) is depicted in Fig. 4.

5 Computer Simulations

In this section, computer simulations for the conven-
tional DPLL system are given to compare with those
for the proposed timing recovery system. The overall

channel impulse response is assumed to be a raise- \

cosine function with the roll-off factorr = 0 and
L = 1. The signal-to-noise ratio (SNR) is defined

as 1010gE[M}; in this example, SNR is set

n2

EKF modelling

} timing information
| ————1

\
£
4ki digital signal || |
— processing ‘
§ \
Ek1 | ————— \
‘ \
| — |
| T }
| L

Figure 4: Phase domain model for an EKF-based
DPLL

between the transmission time instant and the sam-
pling time instant, i.e.e, = 0.2, andé, = 0 for

k > 0. For the conventional DPLL design, Mueller
and Miller's phase detector [4] is adopted, that is,
Tk = TrGk—1 — Tk—10; AN Kp; = —2. After sev-
eral simulation trails, sek), = —2.75 « 102 and

K; = —3.88 x 107° for the loop filter. The result is
depicted in Fig. 5 (a), and the estimated phase con-
verges fork > 200 with a slightly large jittering. To
have a smooth response, 6§ = —9.3 x 10~ and

K; = —4.93 %« 10~° and Fig. 5 (b) shows the simu-
lation result. The estimated phase converges slowly
for k£ > 400. Notably, both fast phase acquisition and
small jitter cannot be simultaneously met for a con-
ventional DPLL with fixed loop gains.
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Figure5: The responses of the conventional DPLL
system: (a) fast acquisition, and (b) small jitter

to be 20 dB. Fkirst, assume a constant phase delay
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For the EKF-based DPLL, set the covariance ma-
tricesQ, = 1071°T and R, 0.01, whereT is
the identity matrix. The initial settingg,_; and
Py _, are zeros and.11, respectively. The estimated

phases;, and timing offset;, are respectively plotted
in Fig. 6(a) and (b). Note that the proposed DPLL
rapidly estimates the input phase and timing offset for
k > 60 with a small jittering.
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Figure6: (a) The estimated phagg, and (b) the esti-
mated timing offset;

In the second simulation, the proposed DPLL is
further demonstrated to track the input phase with a
nonzero timing offset; in this case, = €,_1 + éx_1,
andé, = 0.002 for £ > 0. Figure 7(a) and (b) plot
the estimated phasg and timing offse;,, and show
that the estimated ones closely follow the true ones for
k > 70.

6 Conclusions

The EKF has been successfully applied for realizing
a DPLL, which completely describes the phase detec-
tor and loop filter. Thus, the time-variant loop gains

can be obtained by the extended Kalman filtering tech-
niques. In addition, the proposed timing recovery sys-
tem has been compared with a conventional DPLL
system. Simulation results indicate that the proposed
realization can estimate the input phase rapidly with-
out causing a large jittering.
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