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Abstract: In order to improve the performance of the existing
phase frequency detectors (PFDs), a systematical analysis of the
existing PFDs is presented. Based on the circuit architecture, both
classifications and comparisons are made. A new robust CMOS
phase frequency detector for a high speed and low jitter charge
pump phrase-locked loop (PLL) is designed. The proposed PFD
consists of two rising-edge triggered dynamic D flip-flops, two
positive-edge detectors and delaying units and two OR gates. It
adopts two reset mechanisms to avoid the UP and DN signals to
be logic-1 simultaneously. Thus, any current mismatch of the
charge pump circuit will not worsen the performance of the PLL.
Furthermore, it has hardly any dead-zone phenomenon in phase
characteristic. Simulations with ADS are performed based on a
TSMC 0. 18-um CMOS process with a 1. 8-V supply voltage.
According to the theoretical analyses and simulation results, the
proposed PFD shows a satisfactory performance with a high
operation frequency ( =1 GHz), a wide phase-detection range
[ +27], a near zero dead-zone ( <0.1 ps), high reliability, low
phase jitter, low power consumption ( = 100 wW) and small
circuit complexity.
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harge-pump phase-locked loops ( CPPLLs) are widely
C used for the applications of frequency synthesizers,
clock synchronization and clock recovery, etc. The develop-
ment of these applications brings an increased demand for
low-jitter, low-power and high-speed PLLs. One of the key
elements in a CPPLL is the phase frequency detector
(PFD).

As shown in Fig. 1, the main function of the PFD is to de-
tect and amplify the phase/frequency differences between
the reference signal f. and the divided VCO output signal
fov at the input ends. UP and DN pulses are produced as the
outputs of the PFD according to the phase/frequency differ-
ences. The outputs of the PFD will then modify the control
voltage for VCO (V,). So the performance of any PLL cir-
cuit is critically dependant on the PFD design.

There are several important design issues concerning the
PFD. Among them, the output phase characteristic has the
largest impact on the PLL. It is mainly dominated by two is-
sues: dead-zone and blind-zone. The undetectable phase error
range near zero phase error is called the dead-zone. It is re-
sponsible for increasing phase noise and spurious tones. It is
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due to the finite transition times of a logic gates, and needs
to be avoided. During a reset operation, the PFD is insensi-
tive to any transitions in the input signals. This frequency in-
sensitivity during the reset operation is known as a blind-
zone. The blind-zone degrades the maximum phase-detection
range of the PFD!". However, it is impossible to eliminate
the blind-zone completely.
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Fig.1 Typical CPPLL architecture

If both PFD outputs UP and DN have an overlap time of a
logic-1 state, this transient state not only increases the power
dissipation of PLL, but also makes the PLL be easily affect-
ed by an external noise, and, consequently, deteriorate the
phrase noise of the PLL, which is called the four-state prob-
lem.

The maximum operating frequency is another important
characteristic. It influences the performance of PFDs.

1 Theoretical Analysis of Different PFD Architec-
tures

Recently, a significant effort has been made on desig-
ning high-speed low-power CMOS PFDs for communica-
tions and digital systems. Many novel configurations and de-
sign techniques have emerged. An in-depth examination of
these techniques, however, is not available. Here, an in-depth
examination of the advantages and limitations of these emer-
ging techniques are presented. Critical design issues, such as
dead-zone, blind-zone, sensitivity to input data pattern and
linear phase error detecting range are investigated in detail.

PFDs are often designed with tri-state techniques based on
the concept model depicted in Fig. 2. Usually, a PFD is built
with two parts: memory elements such as flip-flops, and the
reset generator. The performance of PFDs is critically de-
pendent on the reset generator instead of the memory ele-
ments. Different PFDs may have totally different phase/fre-
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Fig.2  Concept model of PFDs. (a) Architecture; (b) Finite
state-machine; (c¢) Ideal phase-detecting characteristic
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quency characteristics, only due to the different reset mecha-
nisms used in the PFDs. Here, PFDs are classified into six
kinds according to the adopted reset mechanisms.

In order to obtain a correct phase/frequency characteristic
which is independent of the duty-cycle of the inputs, a PFD
must be positive-edge triggered, instead of negative-edge
triggered or level-triggered. Thus, all the PFDs discussed in
the following sections are, by default, rising-edge triggered.

For convenience of discussion, we assume that 7 is the pe-
riod of the input signals; p, and p, are the duty-cycles of the
input signals f,.. and f,, respectively. A is the setting time
for charge-pump (CP) switches to turn on (in order to mini-
mize the dead-zone of the PFD, the value of A must be
minimized; moreover, once the CP is designed, A is not a
design parameter any more. ); 7 is the phase error between
the two input signals; A,, is the delay time from the rising-
edge of the input signal of one D-flipflop (DFF) to the out-
put of this DFF to be desirably set; Agq, ;, is the delay time
from the rising-edge of the input signal of one DFF to the
output of the other DFF which is desirably reset; Ay ,,, 1S
the delay time from the rising-edge of the output signal of
one DFF to the output of the other DFF which is desirably
reset.

Obviously, when the dead-zone characteristic of the FPD
is under analysis, 7—0; however, when the blind-zone char-
acteristic of the FPD is under consideration, + — 7, and
ARST, out ARST, e 4, <1

1.1 Class-A PFDs using input-level crosswise reset style

In the PFDs shown in Fig. 3, the delayed f... and f,,
are used to crosswise reset the other DFF asynchronously.
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Fig.3 PFDs using input-level crosswise reset style. (a)
PFD architecture; (b) Dead-zone; (c¢) Blind-zone

For these PFDs, if A <A, — 7 — A, there is no dead-
zone but the four-state problem; and if Ayg,,, —7 - A, <A<
T + Aggr.w — A, there is no dead-zone and no four-state
problem; or else, the PFDs have a non-zone dead-zone.

Suppose that fy..leads f,,,, the PFD enters its blind-zone,
when 7 +p, + Apgr i, =T + A, Vice versa, when f,, leads
Srep and 7+ pp + Apgr i =T + A, the PFD enters the blind-
zone.

The disadvantages of this kind of PFD include large blind-
zone, relative small linear phase-detecting range, which, mo-
reover, depends on the duty-cycle of the inputs. For in-
stance, in the case of p, = p, = 7/2, the blind-zone is as
large as 7= T1/2 + A, — Aggry, > 1/2, because of A, <
Agsr - in order to avoid the dead-zone. The linear phase-de-
tecting range is obviously smaller than [ + 7].

in

1.2 Class-B PFDs using output-level feedback reset
style

In the PFDs shown in Fig. 4, the output of UP AND
with DN is delayed to reset the DFFs synchronously.
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Fig.4 PFDs using output-level feedback reset style. (a)
PFD architecture; (b) Dead-zone; (c¢) Blind-zone

For these PFDs, if A <Ay, ., there is no dead-zone but
the four-state problem; and if Aggp , <AST + Aggr .- there
is no dead-zone and no four-state problem; or else, PFDs
have a non-zone dead-zone. When 7 + Apq > 7, the PFD
enters its blind-zone.

This kind of PFD has a linear phase-detecting range as
large as [ + (27 — Aggp o) ], Which, moreover, is independ-
ent of the duty-cycle of the inputs. However, these PFDs
cannot avoid the dead-zone and the four-state problem sim-
ultaneously.

1.3 Class-C PFDs using output-level crosswise feedback
reset style

In the PFDs shown in Fig. 5, the outputs UP and DN
are delayed and crosswise fed back to reset the DFFs asyn-
chronously.
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Fig.5 PFDs using output-level crosswise feedback reset
style. (a) PFD architecture; (b) Dead-zone; (¢) Blind-zone

For these PFDs, there is no dead-zone but the four-state
problem, if A<Agq ,, —7;and there is no dead-zone and no
four-state problem, if Aygr o =7 <A ST + Aggp o OF €lse,
PFDs have a non-zone dead-zone. However, they are not tri-
state PFDs and cannot correctly detect the phase error be-
tween two inputs.

1.4 Class-D PFDs using input rising-edge crosswise for-
ward reset style

In the PFDs shown in Fig. 6, the inputs f,. and f,, are
rising-edge detected and delayed to crosswise reset the DFFs
asynchronously.
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Fig. 6 PFDs using input rising-edge crosswise forward
reset style. (a) PFD architecture; (b) Dead-zone; (¢) Blind-zone

For these PFDs, there is no dead-zone but the four-state
problem, if A <Ay, —7 — A,,; and there is no dead-zone

in?
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and no four-state problem, if Ay, —7 - A, KA<Apgr, +7
—A, ; or else, these PFDs have a non-zone dead-zone. But
they are also not tri-state but two-state PFDs and cannot cor-
rectly detect the phase error between two inputs.

1.5 Class-E PFDs using both A and C reset styles

In the PFDs shown in Fig. 7, the delayed inputs f;. and
forv combine with the output of the corresponding DFF using
an OR gate, respectively, and then reset the other DFFs in a
crosswise mode asynchronously.
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Fig.7 PFDs using both A and C reset styles. (a) PFD ar-
chitecture; (b) Dead-zone; (¢) Blind-zone

Similar to the class-A PFDs, the disadvantages of this
kind of PFD include a large blind-zone, a relative small line-
ar phase-detecting range, which, moreover, depends on the
duty-cycle of the inputs.

1.6 Class-F PFDs using both D and C reset styles

In the PFDs shown in Fig. 8, the inputs f,.. and f,,, are
rising-edge detected and delayed, and then combine with the
output of the corresponding DFF using an OR gate, respec-
tively, and then reset the other DFFs in a crosswise mode
asynchronously.

For these PFDs, there is no dead-zone but the four-state
problem, if min{A g o, =7, Agsr.iw — 7 —Ajn} > A; and there
is no dead-zone and no four-state problem, if min{A; ., —
T Agstin =T — Ay} KAsSmIin{7 + Apgr oo 7 + Apsrin — A 5
or else, PFDs have a non-zone dead-zone. When Ayq, ;. — A,
+7 > T, the PFD enters the blind-zone. This kind of PFD
has a linear phase-detecting range as large as [ + (2w —
min{Aggr o Agst.in —Ai) 1, Which, moreover, is independent
of the duty-cycle of the inputs.
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Fig.8 PFDs using both D and C reset styles. (a) PFD ar-
chitecture; (b) Dead-zone; (¢) Blind-zone

1.7 Comparisons of these six kinds of PFDs

Based on the theoretical analysis above, we can know that
the PFDs of class-A and -E have large blind-zones and nar-
row linear phase-detecting ranges depending on the duty-cy-
cle of the inputs; the PFDs of class-C and -D have poor
phase characteristics and cannot correctly detect the phase
errors between the two inputs; the PFDs of class-B and -F
have good phase characteristics independent of the duty-cy-

cle of the inputs, but the PFDs of class-B cannot avoid the
dead-zone and the four-state problem simultaneously. Thus,
the class-F PFD is the best one.

2 Conventional PFD Architectures

The DFFs in the PFD proposed in Ref. [2], the differ-
ence phase frequency detector (dd-PFD)", the Fs-PFD'!
and the double-edge-checking PFD ( dec-PFD) B! are not de-
signed to be operated in the positive-edge triggered mode,
so these PFDs have a phase characteristic dependent on the
duty-cycle of the inputs.

The conventional PFD ( con-PFD), the TSPC PFD'”, the
pass-transistor DFF PFD'"' and the PFD with dynamic
CMOS logic'™ belong to class-B PFD, and they have good
phase characteristics independent of the duty-cycle of the in-
puts, but cannot avoid dead-zones and the four-state problem
simultaneously. The PFD proposed in Ref. [9], the high-
speed PFD"” and the pt-type PFD!"" belong to class-E
PFDs, and they have large blind-zones, relatively small line-
ar phase-detecting ranges, which, moreover, dependent on
the duty-cycle of the inputs.

A non-clocked phase frequency detector (nc-PFD)" be-
longs to class-A PFD, so it has a phase characteristic depend-
ent on the duty cycle of the inputs and serious four-state
problem.

As we know, all the above-mentioned PFDs have such-
and-such disadvantages, such as large blind-zone, small
phase-detecting range, the four-state problem or dependence
on the duty-cycle of the inputs etc.

3 Circuit Structure and Operating Principle of the
Proposed PFD

In order to overcome the shortcomings of the above-
mentioned PFDs, a new tri-state PFD is proposed based on
the concept model of the class-F PFD, shown in Fig.9.
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Fig.‘_9 Schematic of the proposed PFD

In this PFD, dynamic DFFs are used as the memory ele-
ments, three inverters and the two-input NAND gate are used
to detect the rising-edge of the inputs, and generate a nega-
tive narrow pulse. Then this narrow pulse NAND with the
signal B, or B, to generate the reset signal C, or C,, respec-
tively, then C, and C, crosswise reset the DFFs. For in-
stance, if fo. leads f,,, the rising-edge of f,.. will set
DFF,, that is UP =1, and at the same time, the rising-edge
of fizx Will be detected and delayed by the reset signal gener-
ator unit to reset the DFF,; on the other hand, when UP =
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1, DFF, also will be reset, i. e. DN =0, vice versa, when
DN =1, then UP =0. Thus there is no four-state problem in
this PFD. The right values of Ayg o> Agsr s A, are achieved
by carefully optimizing the dimensions of the logic gates in
the reset path and those inside the DFFs.

4 Simulation Results and Comparisons

All simulations are performed with ADS based on a
TSMC 0. 18-pm CMOS process with a 1. 8-V supply volt-
age.

4.1 Phase characteristic

When the periods of f;.. and f,, are set to be the same
such as 0. 02 s, and the phase error (i.e. 7 in Figs. 10 and
11) between the two inputs sweeps from —31r to 31, transi-
ent simulation outputs a linear saw-tooth phase-detecting
curve which is independent of the duty-cycle of the inputs,
shown in Fig. 10. Its linear phase-detecting range is almost
[ +£24r]. Moreover, it has an almost zero dead-zone (i. e.
smaller than 1 ps), as shown in Fig. 11.
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Fig.10 Phase characteristic of the proposed PFD (fyg: =
forv =50 MHz)

- 10
*
A S5
N
=
z or
s
S -5k
svo
? -10 1 L L L 1 1 1 1 1 |
= 995 997 999 1001 1003 1005
7/ps
Fig.11  Dead-zone of the proposed PFD (fper = fory =
50 MHz)

4.2 Frequency characteristic

When the initial phases of f;.. and f, are set to be the
same such as 10 ns, and the period of f.. is 20 ns, then the
period (i.e. P, in Fig.12) of f;, sweeps from 5 to 80 ns.
Transient simulation outputs the frequency characteristic of
the PFD, as shown in Fig. 12. Obviously, the proposed PFD
also has a good frequency characteristic. As long as the fre-
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Fig.12 Frequency characteristic of the proposed PFD

quency of f;.. is larger than that of f,, the average value of
(UP-DN) will be positive, and the control voltage V. of
VCO will be increased, and then the frequency of VCO will
also increase. Meanwhile, the frequency difference between
the inputs of the PFD will be smaller and smaller, and this
frequency difference will be zero in the end. Obviously, the
PLL is locked from then on.

4.3 Maximum operation frequency

In this design, the maximum operation frequency is up to
1 GHz, which is high enough for usual applications.

5 Conclusion

The proposed PFD adopts two reset functions to avoid the
UP and DN signals to be logic-1 simultaneously. Thus, cur-
rent mismatch of the charge pump will not worsen the per-
formance of the PLL. Moreover, unlike the PFDs proposed
in Refs. [6, 11], the performance of the proposed PFD is in-
dependent of the initial voltage of the nodes in the PFD, so
the proposed PFD is also a robust PFD with high reliability.
The power consumption of the proposed PFD is 53.5 pA x
1. 8V@ 50 MHz. Thus, based on the theoretical analyses and
simulation results, the proposed PFD shows satisfactory cir-
cuit performance with a high operation frequency ( = 1
GHz), a near zero dead-zone ( <0. 1 ps), a wide phase-de-
tection range ([ +24]), high reliability, low phase jitter,
low power consumption ( =100 wW) and small circuit com-
plexity.
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