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Abstract: A complete closed-loop third-order s-domain model is analyzed for a frequency synthesizer. Based on the

model and root-locus technique, the procedure for parameters design is described, and the relationship between the

process, voltage,and temperature variation of parameters and the loop stability is quantitatively analyzed. A variation

margin is proposed for stability compensation. Furthermore.a simple adjustable current cell in the charge pump is

proposed for additional stability compensation and a novel VCO with linear gain is adopted to limit the total varia-

tion. A fully integrated frequency synthesizer from 1 to 1. 05GHz with 250kHz channel resolution is implemented to

verify the methods.
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1 Introduction

Monolithic frequency synthesizers based on
charge pump PLL (CPLL) are prevailing in mod-
ern communication systems. Loop performances,
such as stability, phase noise (or jitter),and switc-
hing speed, are important design criteria and dis-

[1~61  Synthesizer de-

cussed in many publications
sign is a tradeoff process to derive the parameters
according to specifications. Unfortunately, current,
resistor, and capacitor always vary with process,
voltage,and temperature (PVT). VCO gain is al-
ways highly nonlinear. Variation and nonlinearity

tend to unstabilize the loop,especially in strict con-

ditions. In order to have stability,one way is to sac-
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rifice performance of the phase noise and spur level
suppression. The better methods are to use config-
urable current to compensate the change of division
ratio”’? and nonlinearity of VCO gain™!. However,
these methods are of some complexity and not able
to compensate for all variation factors.

A CPLL based frequency synthesizer is inher-
ently discrete-time. Fortunately, accurate z-domain

[5:97 "and impulse-invar-

models, state space analysis
iant transformation™" ,have proven that if the loop
bandwidth is less than 1/20 of the reference clock,
s-domain model predicts the same behavior as z-do-
main models. As a result, s-domain model is also
suitable for a CPLL frequency synthesizer. Tradi-
tionally, closed-loop s-domain model is always sim-

[1.8]

plified into second order''"*. However, the actual
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loop is third order or even fourth order. Open-loop
s-domain model is discussed in the third order'?.
Although an open-loop s-domain model is simple
for analysis, the roughly defined phase margin is
indirect and not able to accurately describe the
closed-loop performance and predict the effect of
the parameters’ PVT variation. The complete anal-
ysis on the closed-loop third-order s-domain model
is still absent up to now.

In this paper, the complete analysis on the
closed-loop third-order s-domain is performed to
derive the design procedures for loop parameters.
The effects of the parameters’ PVT variation on
the stability is quantitatively analyzed with the aid
of the root locus technique. An adjustable current
cell in the charge pump is proposed to realize the
damping factor control to compensate the total var-
iation of the parameters,which is based on the vari-
ation analysis. A novel cross-switched VCO with
linear gain is also adopted to reduce the total varia-

tion.

2 Closed-loop third-order s-domain a-
nalysis and loop parameters

2.1 Closed-loop third-order transfer function anal-

ysis

In the typical CPLL frequency synthesizer
with continuous-time loop filter,as shown in Fig.
1,the open loop transfer function is

KCPKVC() Z())
N . s

where K¢p is the gain of phase detector and charge

H,(s) = (D

pump,Z(s) is the impedance of loop filter.
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Here b is the ratio between C, and C,. The open
loop transfer function can be rewritten as
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Fig. 1 Architecture of frequency synthesizer

Closed-loop transfer functions have been sim-
plified to second order and discussed in Ref. [1].
However, the simplified analysis will miss some
implicit relationships between the parameters and
performance. The complete closed-loop third-order

transfer function must be considered as following,

H(s) — NH,(s) NK' (s +w,)
’ 1+ H,(s) s+ w,s’ + K's + Ko,
NK/(S—FwZ)

= - F 3
(5" + 2%w.s T i) (s + wps) )

where w, is the nature frequency, ¢ is the damping
factor,w,; is the closed-loop single pole.
The relationship of zeros and poles between

open-loop and closed-loop is summarized as

28w, T wp = w, (4)
wi T 2wawys = K’ 5
(uf\wp.‘s = K/(»Uz (6)

According to Egs. (4) ~(6) ,the analytical equation
is derived,
28wt — (48 — Do, +wp)wn + 28,0, = 0 (7)
Suppose w, =mw, s where m is the nature frequency
factor. Take it into Eq. (7) ,and then derive
2on® — (A +oom+2¢b+1) =0 &
Solving Eq. (8),m can be expressed as a function
of b and ¢,i.e.m=m (b, 9.
From Eq. (4),the third pole w,; in the closed-
loop transfer function can be expressed as
wp = (b+1—20m)w, [€D)
which is often neglected by the second order sim-

plification.
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2.2 Loop parameters design

The target of loop parameters design is to a-
chieve the desirable loop performance. With the
closed-loop analysis, it is possible to design the
damping factor and nature frequency directly. The
nature frequency is always dependent on the damp-
ing factor;consequently,a damping factor could be
set as a target at the beginning of parameter de-
sign,for example, {=1. Capacitor ratio b should al-
so be predefined. On the one hand,a small 6 makes
the pole w, close to the zero w,,and results in the
low frequency closed-loop pole w,;. This can better
filter high frequency noise from input and divider,
and better attenuate clock injection spurs from the
charge pump. On the other hand,b must be larger
than 8 for stability!®. Then,b might be set to 9 or
10 for the best possible noise performance at the
beginning.

Taking w, = mw, and w, = (b + 1) w, into
Egs. (4) and (5), gain factor K' can be expressed
as

K' =Fr0b.0D0’ 10
where k(0,0 is also a function of b and ¢, it is ex-
pressed as

kO = (A —4)m” + 200+ 1Dm (11)
For K'=bIcp Kyeo/2xNC, »then k(b., Ow, =blep X

Kyeo/2nNC, ,resistor R can be expressed as

R 2xNEG.D) az)
bI(‘,l’KV(‘() @

Loop bandwidth w. is an important parameter.
As mentioned early, s-domain model is accurate in
the whole bandwidth only if the loop bandwidth is
no larger than 1/20 reference frequency'’. Because
it is difficult to design a pretty low noise VCO in
CMOS technology, it is preferable to have a high
loop bandwidth. High loop bandwidth also has the
advantage of a fast switching speed. A good initial
loop bandwidth is 1/25 reference frequency. From
Eq. (2),let s=jw. and | H (jw.) | =1, with Eq.
(10) ,zero w, can be calculated as

o 1
a)z*n(b,g)a)C (13)

where n(b, ) is the function of 4 and ¢, too. Until
now , the procedure to determine the loop parame-
ters is

(P. 1) Find Kyco from simulation.

(P. 2) Select capacitor ratio b and damping
factor ¢, »then calculate m,n,and k.

(P. 3) Select loop bandwidth w. according to
reference clock,a good start-point:w. = w/25.

(P. 4) Calculate zero w, »w, and w,;.

(P. 5) Choose charge pump current I¢p, and
dividing ratio N.

(P. 6) Calculate R from Eq. (12),if R is too
large,increase the pump current I¢p and recalculate
R until its value is reasonable.

(P. 7) Calculate C,, C,, if the value is too

large,decrease pump current I¢p,and go to P. 6.
2.3 Parameters variation,stability ,and margins

Basically, loop transfer function changes with
N to synthesize various frequencies. A configurable
charge pump is used to keep the ratio N/K¢ to
maintain the loop performance™. The undeter-
mined parameters variation still arises from
process, temperature, and voltage. Traditionally,
phase margin optimization is simple and always
used to determine the loop parameters?. A prima-
ry phase margin should be pre-defined for calcula-
tion, which is usually set to about 50°. However,
variation of loop parameters changes the phase
margin. Phase margin optimization technique can-
not predict how much variation it can tolerate. Root
locus technique could be adopted to illustrate the
influence of parameters’ variation. The parameters
such as Ip,R,C, ,C; yand Kyco will vary with PVT
variation. What are the influences of the variation?

Figure 2 is the root locus of the loop. Poles
migrate with the factor K’. Points B, C are the
boundary to avoid under-damping behavior. To
margin the loop parameter variation, for example,
point A can be selected to identify the system,and
the damping factor ¢ is 1. If the gain factor K’ de-
viates smaller than the designed value, poles will

migrate towards point B and its conjugate pole,as



8 He Jie et al. :

A CMOS Fully Integrated Frequency Synthesizer with Stability Compensation 1527

well as the damping factor becoming smaller. If the
gain factor K’ deviates larger than the designed
value, poles will migrate to point C and the zero
through the locus, as well as the damping factor
becoming larger at the start and then smaller after
passing around point D. When poles exceed the

boundary,the loop might become under-damping.

Stability boundary —- S |\._
Poles root locus ——=%

Open-loop poles X +
Closed-loop poles o

2poles@origin

Fig. 2 Root locus plot of loop

With designed damping factor ¢, rewrite
Eq. (12) to

KyeoIcpbR ’ C
2N

Due to the technology, temperature, and volt-

k(b.t) = (1

age variation, the changes of I¢p, Kyeos R, C,,and
C, will disturb the closed loop poles. The actual
damping factor results in:

KveoIerbR* C,
Bveolepllt Ly
< 2nN (15

where o 1s named as variation factor. Now consider

R(b,0) = ak (b,¢) = a

the boundary condition: & = 0. 707, which results
max ANd @min. amex 1S the top boundary of total pa-
rameter variation and am, is the bottom boundary.
For example,if { =1 and b=9, then an.. =1.57
and aui, = 0. 65, and the loop could tolerate a total
35% parameters variation at least. Variation mar-
gin can be defined as the minimum of am., — 1 and
1—amn. In fact, there exists an optimum variation
margin, which corresponds to an optimum damping
factor &, larger than &,. Due to mathematical com-

plexity, optimum damping factor is not discussed

here. For a small b,¢ =1 is acceptable approxima-
tion for ¢,. Quantitative analysis based on third-
order model accurately shows the effect of parame-
ters variation on the closed-loop damping factor
and stability. Additionally, variation margin increa-
ses with 0. If the predicted variation margin cannot
tolerate the total maximum PVT variation, then b

should be increased for the large variation margin.

3 Circuit implementation

3.1 Phase detector

Due to the slow input frequency.a phase de-
tector can be implemented with the most popular D
flip-flop tri-state configuration™?. There are dead-
zone elimination delay chain and differential out-

puts equalization.

3.2 Charge pump with stability compensation cur-

rent cell and loop filter

A differential charge pump has better supply
noise rejection performance and phase noise per-

(2] Figure 3 is the schematic of the

formance
charge pump. Due to differential architecture, ideal
matched charge pump and loop filter can eliminate
the problems by clock feed through and charge in-
jection.

However,the mismatch always exists and the
problems with the mismatch should be considered.
First,level shifters are used to reduce the swings of
switch signals to attenuate the clock feed through.
Half reduction of swing improves the performance
of reference spur suppression by 6dB. Second.
channel charge injection from switch transistors,
e. g. PM1 and NMI1, can be attenuated with isola-
tion by saturated transistors,e. g. PM3 and NM3.

In section 2,parameters variation has been an-
alyzed. If the total variation exceeds the boundary
of stability.i. e. Camp s amx) » current adjustment can
take the loop back to the stable state. A proposed
double-half adjustable current cell is shown in

Fig. 4. The current cell consists of four branches, of
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Fig. 3 Differential charge pump schematic
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Fig. 4 Proposed current cell with double-half adjust-

ment

which two are ON and two are OFF in default. If
is larger than an.,,it should decrease the current
I by disable (nDEC=0) one current branch to
half the factor a. If a is smaller than a,;, » then in-
crease I¢p by enable (INC=1) two current bran-
ches to double the factor. For example, if an, =
0.5, amex = 1. 55 AKvyeo/Kyeo = 0.2, AI/I. = 0.2,
AR/R=10.2, and AC,/C, = 0.1, the worst total
negative variation without adjustment according to
Eq. (15) is 0. 37, which is below auy,»and the loop
tends to be under-damping. With the current doub-
le adjustment, the total variation factor becomes
0. 74 ,which is acceptable. The similar half adjust-
ment is for the worst positive variation. The simple
current cell can replace the transistor NMO and
PMO in Fig. 3. There is also a complex technique
that adjusts current to keep the ratio Ip/N as N

changes'?. The obvious improvement here is that
extra variation is considered, contributed from not
only N but also the charge pump current I¢p,loop

filter,and VCO gain Kyco.
3.3 Linear gain VCO

VCO comprises complementary cross-coupled
negative G,, pairs and LC-tank,as shown in Fig. 5.
V., and V_, are differential control nodes to in-
crease the linearity of Kyco by symmetry. The tank
consists of inductor, capacitor, and cross-switched
varactors. The varactors are realized by MIM ca-
pacitors and the cross switches are realized by tran-
sistors. Excellent linear property has been demon-
strated in Ref. [ 137]. The better linear VCO gain
results in smaller variation and is better for the
stability. Phase noise performance can also be im-
proved with inductors LL1,L2 and capacitors Cl ~

C3.
3.4 Divider

A divider is implemented in ripple-like local-

feedback architecture!

. The divider has a range
from 2* to 2"7'-1. The most important benefit of

the structure is to reuse the 2/3 divider cell. The
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cell could be implemented with the true-single-

phase-clock(TSPC) logic.

I PM3

PMI

I oo
T C s C
H H

I

’/C-“
NMlI:l [INMZ
1
L BT

Fig.5 Differential complementary cross-coupled-bega-

i

tive-G,, VCO with cross-switched varactor

4 Simulation and verification

The fully integrated frequency synthesizer is
implemented in 0. 25um CMOS RF technology. Mi-
crographic is shown in Fig. 6. The synthesized fre-
quency ranges from 1 to 1. 05GHz with resolution
250kHz. This results in a large frequency-dividing
ratio of about 4000. The parameters are summa-

rized in Table 1.

= ._‘-IEI.
..qul HEENEN

Fig. 6 Micrographic of frequency synthesizer

Table 1 Design parameters summary

Kvco 20~40MHz/V
N 4000~4200
Icp 20pA
Je 10kHz
b 10
R 460kQ
C 112pF
C, 11. 2pF
Sret 250kHz
% 1

QAmax 1. 68
Qmin 0.63

Damping factor variation is simulated with the
technology variations. In typical CMOS technolo-
gy, suppose AR/R=0.2 and AC/C=0.1 at the
worst corner. Current can always be trimmed ex-
ternally and of variation limited in 10%. Due to the
nonlinearity of the VCO tuning curve, Kvy¢o varies
more widely than other parameters. From LC-VCO
analysis,variation of Kyco is within 50% by careful

3] In this example, the design value is set at

design
30MHz/V after simulation. The division ratio N
will also contribute to the variation factor. In this
verification, the division ratio contributes little to
variation factor because of its relative small
change. Then, the worst negative variation factor is
0. 26 and the worst positive variation factor is 2. 6.
The simulated step responses are shown in Fig. 7,
including curves with no variation, worst negative
variation, and worst positive variation. Negative
variation tends to make the loop under-damping
more obviously than positive variation. The reason
is that the dominant pole w,; in positive variation is

1.4

1.2

1.0

0.8

0.6

Van/V

0.4

0.2

15 20 25 30 33

1 1 1 1 1

T35 20 25 30 35 40
710%

0 05 10

Fig. 7 Step responses for technology variations
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real, but not complex, as in negative variation.
However,large positive variation is not desired due
to the small ripple caused by under-damping. The
measured channel switching responses of control
voltage are shown in Fig. 8. To verify the variation
factor analysis, VCO operates at 1GHz with gain
smaller than 30MHz/V. Normally, the charge
pump current is trimmed to the designed value by
the external reference I,;, when no adjustment is
required and the response of the loop is stable be-
cause of the variation margin. After the external
reference current is set 60% smaller than designed
value,the extra negative variation of charge pump
current is introduced and the loop goes to under-
damping. With the double adjustment of variation
factor, the switching response is compensated and

more stable than that without adjustment.

L 047  wiadjustment  0.47 _w/o.adjustment

|/ .-w/o adjustment,

1.00025 GHz

25mV/div

‘ 1.00000 GHz

50ps/div

Fig.8 Channel switching responses of control voltage
for variation factor adjustment test, with 60% extra

current reduction

5 Conclusion

The complete closed-loop third-order s-domain
model is analyzed. Based on the analysis, a proce-
dure for parameter design is proposed for the fre-
quency synthesizer,and the margin for the total pa-
rameters’ PVT variation is quantitatively ana-
lyzed. It is suggested that the damping factor ¢ =1
is a good start to variation toleration. For more
variation, a double-half adjustable current cell in
the charge pump is proposed to compensate the
variation for the stability. Additionally, a novel

VCO with linear gain is adopted to limit the total

variation, for the stability concerns. The simulation
and measurement results well verify the analysis

and methods with the example.
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