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Abgract : A complete closed-loop third-order ssdomain 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 smple 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 tota varia

tion. A fully integrated frequency synthesizer from 1 to 1 05GHz with 250k Hz channel resolution isimplemented to

verify the methods.
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1 Introduction

Monolithic frequency syntheszers based on
charge pump PLL (CPLL) are prevailing in mod-
ern communication systems. Loop performances,
such as stahility ,phase noise (or jitter) ,and switc
hing speed,are important desgn criteria and dis
cussed in many publications’ ®. Syntheszer de
sgnis a tradeoff process to derive the parameters
according to specifications. Unfortunately ,current ,
resstor ,and capacitor always vary with process,
voltage ,and temperature (PV T).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 isto 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 divison
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 isinher-
ently discrete-time. Fortunately ,accurate zdomain
model s, state space analysis®® ,and impul sesinvar-
iant tranformation™®  have proven that if the loop
bandwidth isless than 1/ 20 of the reference clock ,
s-domain model predicts the same behavior as zdo-
main models. As a result ,sdomain model is a s
suitable for a CPLL frequency synthesizer. Tradi-
tionally ,closed-loop s-domain model is always sm-
plified into second order™®'. However , the actual
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loop is third order or even fourth order. Open-loop
sdomain model is discussed in the third order!® .
Although an operrloop sdoman model is smple
for analyss,the roughly defined phase margin is
indirect and not able to accurately describe the
closed-loop performance and predict the effect of
the parameters PV T variation. The complete anal-
ysson the closed-loop third-order sdomain model
is still absent up to now.

In this paper,the complete analysis on the
closed-loop thirdrorder sdomain is performed to
derive the desgn procedures for loop parameters.
The effects of the parameters’ PV T 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 analyss. A novel cross switched VCO with
linear gainisalso adopted to reduce the total varia
tion.

2 Closed-loop third-order ssdomain a-
nalysisand loop parameters

2.1 Closed-loop third-order trander function anal-
ysis

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

where Kcristhe gain of phase detector and charge
pump , Z(s) isthe impedance of loop filter.
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Here b is the ratio between C. and C. The open
loop trander function can be rewritten as
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Closed-loop trander functions have been snr
plified to second order and discussed in Ref. [1].
However ,the amplified analyss will miss some
implicit relationships between the parameters and
performance. The complete closed-loop third-order
trander function must be consdered as following,

H(9 = NHo(s) _ NK' (s+0;)
T 14 Ho(s S +wpd + Ks+ Kw,
NK (s+0;)

(S + Zwes + 6X) (5 + ) 3

wherew, is the nature frequency { is the damping
factor Wys is the closed-loop single pole.

The relationship of zeros and poles between
open-loop and closed-loop is summarized as

Z(}Jn +0Wp3 = Wy (4
Wi + AWy = K (5)
(A)E‘A)p3 = sz (6)

According to Eqgs. (4) (6) ,the analytical equation
is derived,

Zws - ((4? - Dw, +Wp)w, + Zww, = 0 (7)
Suppose W, = i, ,where mis the nature frequency
factor. Take it into Eq. (7) ,and then derive

Im’ - L2 +Pm+ZL (b+1) =0 (8
Solving Eq. (8) ,m can be expressed as a function
of band{ ,i.e. m=m(b().

From Eq. (4) ,the third polewys in the closed
loop trandfer function can be expressed as
W = (b+1- Zmw, (9
which is often neglected by the second order sm-
plification.
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2.2 Loop parameters design

The target of loop parameters design is to a
chieve the desrable loop performance. With the
closed-loop analyss,it is possble to desgn 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-
s0 be predéefined. On the one hand ,a small b makes
the polew, close to the zero W, ,and resultsin the
low frequency closed-loop polewys. This can better
filter high frequency noise from input and divider ,
and better attenuate clock injection spursfrom 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 posshble 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 = k(bg)w? (10)
where k(b{) isaso afunction of band{ ,it is ex-
pressed as

k(b) = (1- &£*)m* +Z (b+1)m (11)
For K =blce Kveo/ ZUNG ,then k(b )w? = blep X
Kveo/ 2T NG ,resstor R can be expressed as

R = ALNK(bL) (12)

bl cp Kvco

Loop bandwidth:. is an important parameter.
A's mentioned early ,sdomain 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 desgn 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 afast switching speed. A good initial
loop bandwidth is 1/ 25 reference frequency. From
Eq. (2) ,let s=jwc and | H(jw.)| =1,with Eqg.
(10) ,zero w, can be calculated as

W = ——w, (13)

where n(b{) is thefunction of bandl ,too. Until
now ,the procedure to determine the loop parame-
tersis

(P.1) Find Kvco from smulation.

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

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

(P.4) Calculate zero 0w, Wn ,and Wys .

(P.5) Choose charge pump current lIce,and
dividing ratio N.

(P.6) Caculate Rfrom Eq. (12) ,if Ris too
large ,increase the pump current Ice and recalculate
R until its value is reasonable.

(P.7) Cdculate G, G ,if the value is too
large ,decrease pump current Icp ,and go to P. 6.

2.3 Parametersvariation ,gability ,and margins

Basically ,loop trandser function changes with
N to synthesize variousfrequencies. A configurable
charge pump is used to keep the ratio N/ Kep to

[7]

maintain the loop performance'”’. The undeter-

mined parameters variation dtill arises from
process, temperature, and voltage. Traditionaly,
phase margin optimization is smple 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 ler ,R, G, G ,and Kvco Will vary with PV T
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
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well as the damping factor becoming smaller. If the
gain factor K' deviates larger than the desgned
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
passng around point D. When poles exceed the
boundary ,the loop might become under-damping.

. %S
Stability boundary - — - Y

AN
Poles root locus ——= I "<
Open-loop poles X t S
Closed-loop poles ©

%
Q

= — — O ) .
@, @ *A 2poles@origin

Fig.2 Root locus plot of loop

With desgned damping factor (o, rewrite
Eqg. (12) to

K(bfo) = HueielBG (14)

Due to the technology ,temperature ,and volt-
age variation ,the changes of lcp, Kveo , R, G ,and
G will disturb the closed loop poles. The actual
damping factor resultsin:

Kvco lep bR?
atN

whereQ is named as variation factor. Now cons der

k(b{) =ak(bfo) =0 x (15)

the boundary condition:(s = Q. 707 ,which results
Omx and O min.Omax IS the top boundary of total par
rameter variation andQ s is the bottom boundary.
For example,if {o =1 and b=9,thenOm = 1 57
andQrin = 0. 65 ,and the loop could tolerate a total
35 % parameters variation at least. Variation mar-
gin can be defined as the minimum of Omx - 1 and
1-0mn. In fact ,there exists an optimum variation
margin ,which corresponds to an optimum damping
factor {op larger thanlo. Due to mathematical com-
plexity ,optimum damping factor is not discussed

here. For a small b{o =1 is acceptable approxi ma
tion for { ot . Quantitative analyss 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 b. If the predicted variation margin cannot
tolerate the total maximum PV T variation,then b
should be increased for the large variation margin.

3 Circuit implementation

3.1 Phase detector

Due to the dow 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-
formance!” . Figure 3 is the schematic of the
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 consdered.
First ,level shiftersare used to reduce the swings of
switch sgnalsto attenuate the clock feed through.
Half reduction of swing improves the performance
of reference spur suppresson by 6dB. Second,
channel charge injection from switch transstors,
e.g. PM1 and NM1 ,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. @mn Omx) ,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 consstsof four branches ,of



1528

26

UP+ UPH+
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DN-_ | qor) |—

Fig.3 Differentia charge pump schematic

FHg.4 Proposed current cell with double half adjust-
ment

which two are ON and two are OFF in default. If a
islarger than O ,it should decrease the current
lcr by disable (nDEC =0) one current branch to
half the factora. If a is smaller thanQnn ,then in-
crease lcp by enable (INC =1) two current bran-
ches to double the factor. For example,if Omin =
0.50mx =1L 5A Kveo/ Kvco =02 A1/ 1c =0 2,
ARR=02,andA G/ G =0 1,the worst total
negative variation without adjustment according to
Eq. (15) is 0. 37 ,which is below 0 wmn ,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 smilar half adjust-
ment isfor the worst postive variation. The smple
current cell can replace the transstor NMO and
PMO in Fig.3. There is also a complex technique

that adjusts current to keep the ratio Ice/ N as N
changes””!. The obvious improvement here is that
extra variation is consdered ,contributed from not
only N but also the charge pump current lcr ,l00p
filter ,and VCO gain Kvco.

3.3 Linear gain VCO

V CO comprises complementary cross coupled
negative Gn pairs and L C-tank ,as shown in Fig. 5.
Vep and Ven are differential control nodes to in-
crease the linearity of Kvco by symmetry. The tank
condgsts 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. [13]. 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 L1,L2 and capacitors C1
C3.

3.4 Divider

A divider is implemented in ripplelike local-

feedback architecture!™

. The divider has a range
from 2" to 2""*-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.

;@—h—‘*f* :
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B 3

o [ v
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T et
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NMII:' l__—j i_|_ I:INM2

<

Fig.5 Differentiad complementary cross coupled-bega

tive- Gn VCO with cross switched varactor

4 Smulation and verification

The fully integrated frequency synthesizer is
implemented in 0. 2% m CMOS RF technology. Mi-
crographic is shown in Fig. 6. The synthesized fre-
quency ranges from 1 to 1 05GHz with resolution
250k Hz. This results in a large frequency-dividing
ratio of about 4000. The parameters are summa
rizedin Table 1.

Fig.6 Micrographic of frequency synthesizer

Table 1 Design parameters summary

Kvco 20 40MHz/ V
N 4000 4200
lcp 2 A
fe 10kHz
b 10
R 460K2
C 112pF
C 11 2pF
fref 250k Hz
Co 1

O max 1 68

O min 0. 63

Damping factor variation is smulated with the
technology variations. In typical CMOS technolo-
gy ,suppose AR/ R= 0.2 andAC/C= Q1 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, Kvco varies
more widely than other parameters. From L GV CO
analyss,variation of Kvco iswithin 50 % by caref ul
design'™ . In this example ,the design val ueis set at
30MHz/V ater smulation. The divison ratio N
will a so contribute to the variation factor. In this
verification ,the divison ratio contributes little to
variation factor because of its relative small
change. Then ,the worst negative variation factor is
0. 26 and the worst postive variation factor is 2 6.
The amulated step responses are shown in Fig. 7,
including curves with no variation ,worst negative
variation, and worst postive variation. Negative
variation tends to make the loop under-damping
more obvioudy than positive variation. The reason
is that the dominant polews in positive variationis

1.4

1.2

1.0

0.8

VaalV

0.6
0.4

7] S
1.5 20 25 30 35

1 i 1

25 30 35 40

L 1
005 10 15 20
/10

Fg.7 Step responses for technology variations
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real , but not complex, as in negative variation.
However ,large podtive variation is not desired due
to the small ripple caused by under-damping. The
measured channel switching responses of control
voltage are shownin Fig.8. To verify the variation
factor analyss,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 0.41_, wiadjt

0.4/ _  wio.adj

25mV/div

1 1 2 1

50ps/div

Fg.8 Channd switching responses of control voltage
for variation factor adjustment test,with 60 % extra
current reduction

5 Conclusion

The complete closed-loop third-order sdomain
model is analyzed. Based on the analysis,a proce
dure for parameter design is proposed for the fre-
quency synthesizer ,and the marginfor the total pa
rameters’ PV T variation is quantitatively ana-
lyzed. It is suggested that the damping factor{o =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

V CO with linear gain is adopted to limit the total

variation ,for the stability concerns. The smulation
and measurement results well verify the analyss
and methods with the example.
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