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Abstract : A novel met hod t o p artially compensate sigma2delta shap ed noise is p rop osed. By injecting t he comp en2
sation cur rent int o t he p assive loop filte r during t he delay time of t he p hase f requency detect or ( PFD) ,a maximum

reduction of t he p hase noise by about 16dB can be achieved. Comp ared t o ot her compensation met hods , t he tech2
nique p rop osed here is relatively simple and easy t o implement . Key building blocks f or realizing t he noise cancel2
lation , including t he delay variable PFD and comp ensation cur rent source , a re sp ecially designed. Bot h t he behavior

level and circuit level simulation results a re p resented.
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1　Introduction

Sigma2delta f ractional2N f requency synthesiz2
ers have become very pop ular for RF t ransceiver
implementation because of t heir high f requency
resolution ,fast settling time ,and low sp urious per2
formance. By applying sigma2delta modulation to
t he f requency division number , quantization noise
t hat emerges f rom t he f ractional divisions is whit2
ened and noise2shaped. The sigma2delta quantiza2
tion noise is then p ushed to a high f requency region
and filtered by a low pass loop filter . As a result ,
t he loop bandwidt h can be greatly increased ,and a
fast set tling time can be achieved[1～3 ] .

In recent research , in2loop modulation wit h a
1Mb/ s data rate has been required for t ransmission
t hat demands a very wide bandwidt h for sigma del2
ta f ractional2N f requency synt hesizers[4 ] . In some
ot her applications such as personal handyp hone
systems ( P HS) ,seamless switching between differ2
ent channels is a challenge for t he designers , since
t hey require a set tling time of 15μs[5 ] . For t hese ca2
ses ,t he bandwidt h of the f requency synthesizer is
required to be as large as several hundred k Hz. For
state2of2t he2art sigma2delta f requency synt hesizers ,
such a large bandwidt h is difficult to realize with2

out sacrificing p hase noise performance.
In this paper ,a new met hod to partially com2

pensate the sigma2delta shaped noise is p roposed.
The key point is t hat t he compensation is imple2
mented during t he delay time of t he PFD. Wit h this
technique ,t he dominant out2band noise is reduced
and t he total p hase noise performance is improved
while keeping t he bandwidt h large enough to meet
t he requirement of in2loop modulation or fast chan2
nel switching.

2　Time domain analysis of sigma2del2
ta shaped noise

　　Figure 1 shows t he p hase noise performance of
a sigma2delta f ractional2N frequency synt hesizer by
behavior simulation. The noise cont ributions main2
ly include VCO noise ,charge p ump noise ,and sig2
ma2delta shaped noise. In Fig. 1 , t he bandwidt h is
designed to be 300k Hz ,which is enough to realize a
set tling time of less t han 15μs. U nder such condi2
tions ,it can be seen f rom t he figure that t he out2
band noise becomes very high ,and the sigma2delta
shaped noise is t he dominant source. Therefore ,t he
discrepancy between large bandwidt h and low
p hase noise becomes significant .
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Fig. 1 　Behavior simulation result s of the phase noise

for a sigma2delta f ractional2N frequency synthesizer

with a bandwidth of 300k Hz

Figure 2 illust rates t he st ruct ure of a sigma2
delta f ractional2N frequency synt hesizer . At t he m2
t h reference cycle , t he instantaneous f requency di2
vider modulus N [ m ] is randomly altered by the
sigma2delta modulator , equivalently realizing the
f ractional division[ 2 ] . When reaching the locking
state ,t he VCO outp ut f requency is

f vco = Nav f ref

where N av is t he f ractional division ratio ,and f ref is
t he reference f requency , which exactly equals the
divider outp ut f requency f div in t he ideal case.

Fig. 2 　Structure of the sigma2delta f ractional2N fre2
quency synthesizer

The time domain divider outp ut signal f div is
shown in Fig. 3 ,in which bot h t he desired outp ut
rising edges and t he actual ones are illust rated. The
desired outp ut period is

Tdiv = Nav Tvco

where Tdiv = 1/ f div , and Tvco = 1/ f vco . The actual

outp ut period T′div is

T′div = N [ m ] Tvco

Therefore ,t here exist s a time error in each refer2

ence cycle ,and the f requency synt hesizer never ac2
t ually reaches t he locking state. From Fig. 3 , t he
accumulated time error at t he n2t h cycle can be cal2
culated to be

t error [ n ] = Tvco ∑
n - 1

m = n0

( Nav - N [ m ])

where n = 1 ,2 ,3 ,4 ,⋯.

Fig. 3　Ideal and actual f requency divider output sig2
nal in the time domain

The above equation can be rewrit ten as

t error [ n ] =
Tref

Nav
×∑

n - 1

m = n0

( Nav - N [ m ])

where Tvco is substit uted by Tref / N av and Tref = 1/
f ref .

As the sigma2delta modulator alters the divi2
der modulus randomly , terror is consequently modu2
lated. Then terror is t ransferred to t he PFD/ charge
p ump outp ut and generates a noisy elect ric charge
Icp terror in t he loop filter ( Icp is t he magnit ude of t he
charge p ump current) ,which t hen becomes t he sig2
ma2delta shaped noise at t he VCO outp ut ( see t he
sigma2delta noise in Fig. 1) .

If t he sigma2delta induced noise ,i . e. t he time
error terror or elect ric charge Icp terror ,can be partially
cancelled , t he total noise will be reduced. There2
fore ,two ideas to compensate this noise were p ro2
posed2delay compensation and charge p ump current
compensation[ 7 ] . As shown in Fig. 2 ,if a time delay
- terror is int roduced at t he divider outp ut ,t hen t he
time error caused by t he sigma2delta modulator can
be eliminated. This method was implemented in
Ref . [ 8 ] , but t he aut hors did not achieve the de2
sired result s due to the difficulty of realizing a pre2
cise delay time and complex ext ra hardware. An2
ot her method is to inject an elect ric charge - Icp

terror into t he loop filter to compensate this noise.
This met hod was realized in Ref . [ 4 ] , and it a2
chieved an obvious reduction in noise. However , a
large amount of ext ra hardware is needed , greatly
increasing t he power consumption and circuit com2
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plexity. Anot her issue in Ref . [ 4 ] is t hat t he value
of the time span of several VCO cycles used for
noise cancellation is not appropriate. The details of
t his issue will be discussed along wit h the discus2
sion of our p roposed met hod. Further analysis of
t he sigma noise cancellation can be found in Ref .
[9 ] .

3 　 Proposed charge pump current
compensation technique

　　In t his section ,we propose a relatively simple
charge p ump current compensation scheme. In Fig.
4 ,bot h t he charge p ump response icp ( t) to the time
error terror and t he compensation current ic ( t) are
shown. To compensate t he sigma delta noise , t he
compensation charge injected into t he loop filter is

Q = Ic t c = Icp t error

where Ic is t he compensation current magnit ude ,
and tc is t he compensation time span. For an effec2
tive noise cancellation ,t here are key t rade2off s be2
tween Ic , tc and the start point of tc .

Fig. 4 　Illust ration of charge pump current compensa2
tion to the sigma2delta induced noise

　　Figure 5 (a) illust rates t he ideal case of com2
pensation where t he compensation current is exact2
ly t he opposite of t he noise current in bot h magni2
t ude and p hase. The problem in t his case is t hat tc

is very small (usually less t han 1ns) . It is very dif2
ficult to generate accurately such a narrow p ulse
with a p hase precisely opposite to terror . It is also
very difficult to t urn on t he compensation current
f ully during such a short time. Figure 5 ( b) illus2
t rates anot her case where t he compensation current
is injected during t he whole reference period. Since
t he reference period Tref is much longer than terror ,
t he corresponding compensation current magnit ude
Ic becomes very small (about severalμA) which is
difficult to realize wit h p roper p recision using even
a state2of2t he2art IC process.

Our p roposed method is to inject the compen2
sation current during t he delay time of t he PFD ,
tdelay . For the t ri2state PFD , t here is a delay p ulse
during which bot h t he charge p ump sink and
source current are on to eliminate t he dead zone
problem[1 ] . The proposed compensation met hod is
shown in Fig. 6. In Fig. 6 (a) ,t he f ref signal leads to
t he f div signal ,and t he cont rol signal dn rep resent s
t he delay p ulse. During t his time span ,t he compen2
sation current Ic is injected ,and the compensation
is realized ,as can be seen f rom the Itotal wave in t he
figure. If t he f div signal leads to t he f ref signal , a
similar idea can be applied as shown in Fig. 6 (b) in
which t he up cont rol signal rep resent s the delay
p ulse.

Fig. 5　(a) Compensation current exactly cancels the noisy elect ric charge ; (b) Compensation current injected dur2
ing the whole reference period

　　A top2level f unctional block diagram of the
proposed synthesizer is shown in Fig. 7. It differs
f rom Fig. 2 in t hat t he compensation circuit is add2
ed. The compensation circuit includes the compen2
sation current source and t he digital cont rol cir2
cuit . According to the analysis in Sec. 2 , t he com2
pensation current can be calculated by

Ic =
Icp

t delay
×t error [ n ] =

Icp

t delay
×

Tref

Nav
×∑

n - 1

m = n0

( Nav - N [ m ])

As shown in Fig. 7 ,t he digital cont rol circuit takes
t he average divider modulus N av and t he instanta2
neous divider modulus N [ m ] as inp ut and is syn2
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Fig. 6 　Proposed compensation scheme 　 ( a ) f ref

leads to f div ; (b) f div leads to f ref

Fig. 7　Functional block diagram of the proposed syn2
thesizer

chronized by t he f div signal . The compensation cur2
rent source is p rogrammed by t he digital cont rol
circuit outp ut and is switched on and off by t he de2
lay p ulse signal f rom the PFD wit h a p ulse widt h of
tdelay . The compensation current is t hen injected into
t he loop filter to cancel t he sigma2delta shaped
noise.

This method has two advantages. First , t he
cont rol p ulse of t he compensation current naturally
exist s in t he PFD circuit . Therefore ,t he cost of the
ext ra hardware to generate such a cont rol signal is
low. In Ref . [ 4 ] , t he compensation time span is
generated by several VCO cycles. This time span is
very short ,and t he related circuit s work in a much
higher f requency than f ref . This necessitates larger
ext ra hardware and power consumption. Second ,
t he PFD delay time is usually on the order of sever2
al ns which is more app ropriate. For example , in
our simulation to be presented shortly , t he typical
delay time is designed to be 5ns for a reference f re2
quency of 20M Hz. This leads to a compensation
current in t he range of 0～60μA ,which is easily re2
alized with p roper p recision. Also , t he PFD delay
time is long enough to t urn on bot h t he charge

p ump current and t he compensation current f ully.
However ,in Ref . [ 4 ] the compensation time span ,
which is several VCO cycles , is too short for t he
compensation current to be f ully turned on. At t he
same time ,the VCO cycle will vary due to channel
switching ,causing t he compensation effect to devi2
ate f rom t he desired case.

One issue for t he p roposed met hod is that t he
charge p ump noise ,which is t he dominant in2band
f requency synt hesizer noise ,is related to t he delay
time of t he PFD. The longer the PFD delay time ,
t he more charge p ump noise is injected into t he
passive loop filter . However , t his p roblem can be
alleviated by optimizing t he synt hesizer system pa2
rameters.

4 　Compensation simulation and key
circuit design

　　To realize t he p roposed compensation
scheme ,a behavior level simulation using Cpp Sim
is implemented. The f requency synt hesizer system
parameters are designed and listed in Table 1. Fig2
ure 8 shows the simulation result s of t he noise per2
formance before and af ter compensation. In t he
simulation ,t he delay time of t he PFD is chosen to
be 10 % of t he reference period , and a maximum
noise reduction of 16dB is achieved.

Table 1 　Parameters for the sigma2delta f ractional2N

frequency synthesizer

f ref 20M Hz

Band widt h 300k Hz

Icp 400μA

ΣΔM 3rd MAS H

L oop filter 3rd Passive

Divide number 122 . 3113752

f vco 2 . 4 G Hz

Kvco 100M Hz/ V

PFD delay Variable

In real ci rcuit level realiza tion , t he comp e nsa2
t ion cur re nt nee ds t o be qua ntized . Qua ntization

of t he comp e nsation cur re nt int roduces noise

sp urs , as show n i n Fig. 9 (a) . I n Fig. 9 (a) , t he com2
p e nsation cur re nt is wit hi n t he ra nge of 0～60μA.
Wit h t he incrementation of t he quantization preci2
sion ,t he noise sp urs become small . However ,in re2
al circuit design ,t he higher t he quantization preci2
sion ,t he more difficult it is to realize such a current
source. Therefore , t here is a t rade2off between t he
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Fig. 8　Behavior simulation results of t he noise com2
pensation using CppSim

Fig. 9 　( a ) Sp urs arise due t o comp ensation cur rent

quantization ; (b) Sp urs becomes negligible w hen Icp is

increased t o 112mA wit h a 8μA quantization step

quantization p recision and t he qualit y of t he com2
pensation cur rent . Since t he compensation cur rent

Ic is p roportional to Icp , t he charge p ump current
Icp is adjusted to 112mA in our design ,and conse2
quently the compensation current falls into the
range of 0～180μA when the delay time of t he PFD
is kept at 10 % of Tref . Figure 9 (b) gives t he result s

under such conditions wit h t he current quantization
step set to 8μA. This quantization step is reasona2
ble ,and t he resulting noise sp urs are negligible.

Two key building blocks are essential to t he
noise compensation :t he t ri2state PFD and the com2
pensation current source. To precisely cont rol t he
PFD delay time ,a delay programmable PFD is p ro2
posed as shown in Fig. 10 (a) . The delay time can
be determined by the data selector when the tem2
perat ure and process fluct uate. Figure 10 ( b) gives
t he simulation result s of the delay time which can
be programmed in t he range of ±20 % of t he re2
quired value (5ns) wit h a step size of about 011ns.

Fig. 10　(a) Delay programmable PFD ; (b) Simulation

result s of the PFD delay time

Figure 11 ( a) shows t he designed compensa2
tion current source. In our test chip ,it is designed
to be a binary2weighted programmable current
source wit h a minimum step size of 16μA. This
st ruct ure feat ures a very high outp ut impedance
and voltage headroom. Figure 11 ( b ) shows t he
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simulation result s of t he outp ut current . Note t hat
in t he figure t he outp ut voltage V out is normalized
to t he supply voltage. It can be seen t hat the com2
pensation current source has a very high outp ut im2

pedance and good matching. The outp ut voltage
headroom occupies about 80 % of t he supply volt2
age ,which supplies a wide enough voltage t uning
range for t he VCO.

Fig. 11　(a) Binary2weight compensation current source ; (b) Simulation result s of the compensation current

5　Conclusion

We have propo sed a novel met hod to compen2
sate t he sigma2delta shaped noise for wide band
f ractional2N frequency synt hesizers. By injecting
t he compensation current into t he passive loop fil2
ter during the delay time of t he PFD ,a maximum
reduction of t he p hase noise by about 16dB can be
achieved. As t he PFD delay time nat urally exist s in
t he circuit , lit tle ext ra hardware cost is required.
Furt hermore ,t he PFD delay time is appropriate for
both t he realization of the compensation current
p recision and it s t urn2on performance. Therefore ,
t he p roposed method is relatively simple and rea2
sonable to implement compared to ot her compensa2
tion schemes. Based on t he simulation of t he p ro2
posed met hod , possible realizations of t he key
building blocks are designed ,including delay varia2
ble PFD and compensation current source , which
give appropriate performances.
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一种补偿宽频带小数 N频率合成器中 Sigma2Delta
整形噪声的新方法 3

石　浩­　刘军华　张国艳　廖怀林　黄　如　王阳元

(北京大学微电子学研究所 , 北京　100871)

摘要 : 提出了一种部分补偿 Sigma Delta调制器整形噪声的新方案.通过在鉴频鉴相器中的延迟时段向无源滤波
器中注入补偿电流 ,最大可实现 16dB的噪声补偿.与其他补偿方案相比 ,文中提出的方案相对简单和易于实现.特
别设计了可变延迟的鉴频鉴相器和补偿电流源 ,并给出了行为级和电路级的仿真结果.

关键词 : 电荷泵 ; 频率合成器 ; 噪声补偿 ; 鉴频鉴相器 ; 相位噪声 ; sigma delta调制器
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