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Abstract : This paper present s the design considerations and implementation of a novel topology digital multi2stage2
noise2shaping (MASH) delta2sigma modulator suitable for f ractional2N phase2locked2loop ( PLL) f requency synthe2
sis. In an effort to reduce the complexity and dissipation ,a pipeline technique has been used , and the proposed carry

save t ree (CST) algorithm optimizes the multi2input adder structure. The circuit has been verified through Matlab

simulation ,ASIC implementation ,and FP GA experiment ,which exhibit s high performance and potential for a giga2
hertz range ,low2power monolithic CMOS frequency synthesizer.
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1 　Introduction

Frequency synt hesizers are widely used as lo2
cal oscillators for f requency t ranslation ,which pro2
vide accurately defined f requencies and desired
channel selection in wireless t ransceivers[1 ] . Stand2
ard f requency synt hesizers with integer2N dividers
have difficulties meeting various specifications due
to t heir f undamental t radeoff s between loop band2
widt h and channel spacing. The f ractional2N ap2
proach eliminates t his limitation ,which allows f re2
quency step s far smaller than t he reference f re2
quency. Therefore , t he loop bandwidt h can be lar2
ger , alleviating the requirement s for t he voltage2
cont rolled oscillator ( VCO) p hase noise and the
reference f requency suppression. However , t he
f ractional division causes sp urious tones at f rac2
tional multiples of t he reference f requency. Several
met hods to overcome t he sp urious p roblem have
been propo sed[2 ,3 ] ,of which t heΔΣ f ractional2N ar2
chitect ure seems to be widely accepted as the best
one ,as shown in Fig. 1. This is achieved by ran2
domizing the feedback division ratio such that the
quantization noise of t he f ractional2N divider is

t ransferred to higher f requencies.

Fig. 1 　FN synthesizer withΔΣ modulator

For f ractional2N f requency synt hesis , two
types of ΔΣ modulators have been used[4 ,5 ] . One is
a single2loop modulator and the other is a cascaded
modulator called t he MASH architect ure. The lat2
ter has t he advantage t hat higher2order noise filte2
ring can be achieved using lower2order modulators.
The overall cascaded system should remain stable
since t he lower2order modulators are more stable.

This paper focuses on t he MASH 22121 all2
digital delta sigma modulator topology design and
implementation ,which offers larger outp ut dynam2
ic range and bet ter noise shaping performance.
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2 　The proposedΔΣ modulator

TheΔΣ modulator is a non2linear system wit h
a filter ( digital or analog) ,a feedback loop ,and a
quantizer , which operates at an oversampled f re2
quency. The filter in t he loop at tenuates t he noise
int roduced by t he quantization so that t he quantiza2
tion noise , which remains at the DSM outp ut , is
low compared to t he DSM inp ut signal in t he band
of interest . This action of shaping the quantization
noise is also referred to as noise shaping[6 ] .

In our case t he inp ut ( x) is a digital word ,re2
presenting t he desired f ractional value to synt he2
size. Therefore , we consider a digital equivalent to
t he analog ΔΣ modulator . A first2order digital ΔΣ
modulator is shown in Fig. 2.

Fig. 2 　Block diagram of a first2orderΔΣ modulator

The ΔΣ modulator filters differently the
quantization noise ( q) and t he inp ut signal ( x) ,as
illust rated by Eq. (1) .

The expression of t he outp ut of the first2order
ΔΣ modulator y is given by

Y ( z) =
Hint

1 + z - 1 Hint
X ( z) +

1
1 + z - 1 Hint

Q( z)

= X ( z) + (1 - z - 1 ) Q( z) (1)

　　The signal2flow grap h for t his modulator in it s
digital implementations is illust rated in Fig. 3 ,
where 　 t he n2bit inp ut signal K [ n ] is summed
with the n2bit register content to p roduce t he ( n +
1) bit quantizer inp ut signal v[ n] . The 12bit quanti2
zation process is accomplished by simply taking the
mo st significant bit (MSB) of v[ n] . The residual n2
bit signal , which rep resent s the negative of the
quantization error signal ,is t hen stored in t he reg2
ister to be summed in the next clock cycle[ 7 ] .

We can deduce t he f requency noise int roduced
by f ractional division when t he MASH cont rols the
division ratio N/ ( N + 1) wit h x = K/ F and N is
given. Indeed ,

f VCO = ( N integer + N fractional ) f ref 　　　　　　　

= N f ref + ( k
F

+ Hnoise ( f ) Q3 ( f ) ) f ref (2)

Fig. 3 　Signal flow graph

　　The constant term N f ref +
k
F

f ref is removed

and the fluctuating term f noise ( f ) = Hnoise ( f ) Q3 ( f ) ×
f ref remains , which is t he expression of the f re2
quency fluct uation noise int roduced by f ractional N
f requency synt hesis.

A 12bit quantizer p roduces a quantization q3 ,
uncorrelated with x . Furt hermore ,if q3 is assumed
to be a uniformly dist ributed white2noise sequence ,

t he mean of q3 is zero and t he variance isσ2
q3

=
Δ
12

,

withΔ= 1[2 ] . As the power is sp read over the band2
widt h f ref ,t he power spect ral density ( PSD) of t he

quantization error q3 is
σ2

q3

f ref
=

1
12 f ref

. This enables

us to write t he expression of t he f requency fluct ua2
tion f noise as

S f noise = | Hnoise ( f ) f ref | 2 1
12 f ref

=
| 1 - z - 1 | 6 f ref

12
(3)

　　In terms of noise cont ribution , t he noise ex2
pression is more relevant t han the f requency noise
expression. Phase and f requency are related by in2

tegration as < =∫2πf instantaneous d t[2 ]

S <,N ∴N+1 (z) = Sf noise
Sintegration 　　　　

=
| 1 - z- 1 | 6f ref

12
×

(2π) 2

| 1 - z - 1 | 2 f 2
ref

=
(2π) 2

12 f ref
| 1 - z - 1 | 4 (rad2 ·Hz- 1 ) (4)

Replacing z by e
2jπf
f ref ,we get

S <, N ∴N +1 ( z) =
(2π) 2

12 f ref
| 2sin

πf
f ref

| 4 (5)

　　The t ransition is generalized to n2order DSM
outp ut and result s in t he p hase noise cont ribution :

S <, N ∴N +1 ( z) =
(2π) 2

12 f ref
| 2sin

πf
f ref

| 2 ( n- 1) (6)

When f ν f ref ,Equation (6) is approximated as
lim
x →0

sin x ≈ x ,

S <, N ∴N +1 ( f ) ≈
(2π) 2

12 f ref
| 2π f

f ref
| 2 ( n- 1) (7)

　　When a MASH st ructure cont rols t he f rac2
tional f requency division , t he quantization noise is
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shaped as shown in Eq. ( 7 ) . Higher f requencies
component s are t hen removed by t he low2pass
characteristic f rom t he PLL . The sp urious perform2
ance is improved.

As may be concluded f rom Eq. (7) ,t he degree
of noise shaping is directly related to t he order of
t he delta2sigma modulator used.

The first2order DSM present s st rong idle
tones for DC inp ut s. Wit h a second2order modula2
tor in t he first stage , t here is a smaller amount of
noise in band to be MASH st ruct ure. Even when
some of the modulator noise is not p roperly can2
celled by t he following stages in the MASH , the
noise leakage has a second order shaping character2
istic. Therefore a second2order modulator is bet ter

suited for t he first stage of t he MASH st ructure. In
general ,we first place all t he second order modula2
tors to obtain a st rong noise shaping wit hin t he
first stages. Due to potential imperfect cancellation
and t he stability of t he loop ,in p ractice t he number
of stages is often limited to 4. A detailed stability
analysis of t he chosen MASH modulator has been
performed. When t he out side temperat ure and
power voltage change ,t he loop demonst rates good
stability. Scaling factors are int roduced between
stages ,and additives poles may be placed in each
second order stage to insure stability of the MASH
st ruct ure[ 8 ] . From t he above considerations ,MASH
22121 has been chosen to be t he right st ructure ,
which is illust rated in Fig. 4.

Fig. 4 　Diagram of MASH 22121

　　The poles and scaling factor in the noise t rans2
fer f unction of t he second order stages ensure the
stability of t he system ,without modifications of the
f requency characteristic of the signal t ransfer f unc2
tion. The choice of t he scaling factors and poles is a
comp romise between SNR and stability require2
ment s. If t he scaling factors are chosen as powers

of 2 ,t he divisions and multiplications by 2 are im2
plemented wit h bit shif ters. The scaling factors
limit t he internal signal amplit ude and maintain t he
inp ut of t he quantizer in a bounder range of values
resulting in a bounded value for t he quantization
noise in each stage. If t he inp ut scaling factors are
chosen to be too large , t he cascade of stages may
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lead to large amplit ude signals wit h st rong tones in
t he noise spect rum.

Through t he noise cancel network ,the optimi2
zation scaling factors are chosen : Ka = 1/ 3 , Kb = 3/
5 , Kc = Kd = 1/ 3 , h1 = 3 , h2 = 5 , h3 = 1 , h4 = 3 , Ga =
Gb = 2. The outp ut of the modulator is

Y ( z) = z - 4 X ( z) + (1 - z - 1 ) - 4 Gb E3 ( z) (8)

3 　Implementation of the 22121 MASH

In t his design ,a fourt h2order MASH 22121ΔΣ
modulator is used to randomize t he instantaneous
division ratio of MMD ( multi2modulus2divider )

such that t he sp ur noise cont ributed by t he divider
is shaped to high f requencies ,which in t urn can be
filtered by t he loop filter . The inp ut bit lengt h of
t he modulator is chosen as 24bit s ,which leads to a
f requency resolution[ 6 ] smaller t han 10k Hz when
t he reference f requency is set to 13M Hz ,which can
f ully cover t he requirement of t he GSM applica2
tions.

A pipelining technique is used to speed up the
ΔΣ modulator even f urt her ,for two reasons. First ,
it enables an even higher reference f requency to be
used during testing to determine t he effect of in2
creasing the reference f requency on t he p hase noise
performance of t heΔΣ PLL . Second ,it enables the
ΔΣ modulator to work at lower supply voltages
while still operating at 13M Hz. This help s to re2
duce the power consumption of theΔΣ modulator .
Figure 5 illust rates t he circuit realization of the
MASH architect ure.

Fig. 5 　 Implementation of the fourth2order MASH

modulator

Each accumulator employs a pipelined 24bit
adder and a 24bit register . It can be seen t hat t here
is a long delay chain between t he accumulator over2

flow outp ut s ; t herefore , t hey appear at different
time instances. To provide synchronization among
t he carry overflows ,they are capt ured in 1bit regis2
ters before being forwarded to t he error cancella2
tion network. The network performs the specific
f unction of canceling t he quantization error f rom
t he first two stages and produces a 3bit outp ut .

A 24bit adder can be easily realized by using
24 f ull2adder ( FA) logic circuit s connected in cas2
cade. The key block in t he proposedΔΣ modulator
is the multi2inp ut adder . Optimizing t his adder
st ruct ure is pivotal in decreasing t he area and pow2
er consumption of the entire PLL . In t his st udy ,a
multi2inp ut addition algorit hm is p roposed which is
capable of adding several operands without sign ex2
tension. Several algorit hms have been proposed in
t he literature which is optimized specifically for t he
case of adding hr partial p roduct s of a multiplier [9 ] .
However ,in t he new proposed algorit hm ,the most
significant bit ( MSB) of each operand is given a
negative weight . Adding the MSB of an operand to
anot her number would be t he same as subt racting
t he MSB from t he other number . Four different
cells are possible depending on t he number of nega2
tively weighted inp ut s.

( C , S) = X + Y + Z
( C , - S) = - X + Y + Z

( - C , S) = - X - Y + Z

( - C , - S) = - X - Y - Z

(9)

where 　X , Y ,and Z are t he inp ut s of each cell ,and
C and S are t he carry2and2sum outp ut s of t he adder
cells. Note t hat the fist and last equations are im2
plemented in t he same circuit . This means t hat
two’s complement addition of several operands is
po ssible using only t hree cells in the carry save t ree
(CST) . U sing t he type of arit hmetic illust rated in
Eq. (9) , t he number of required cells was reduced
by more t han half in comparison to a sign extension
solution. This greatly aids in reducing the area and
power dissipation of t he digitalΔΣ modulator .

Equation (10) depict s t he logic diagram of t he
error cancellation network used in t he realization of
Fig. 5. The error cancellation network basically
performs the following f unction

Y [ n] = X3 [ n] - 2 C3 [ n - 1 ] + C3 [ n - 2 ] + 　

C2 [ n] - C2 [ n] - C2 [ n - 1 ] + C1 [ n]

(10)
where Ci rep resent s the carry out s of t he it h accu2

44



第 1 期 Zhang Weichao et al . : 　Analysis and Design of aΔΣ Modulator for Fractional2N Frequency Synthesis

mulators.
The outp ut of t he MASH is a signed multi2bit

number , since the 3bit two’s complement system
covers t he number levels between - 4 and + 3 ,
while t he 22121 MASH produces outp ut levels be2
tween - 3 and + 4. To eliminate one additional bit
coding at t he outp ut ,we have coded t he outp ut lev2
el + 4 as - 4. The coding table of the MASH out2
p ut and t he corresponding levels are shown in Ta2
ble 1.

Table 1 　Coding table for the MASH output

Output level Out3 Out2 Out1

- 3 1 0 1

- 2 1 1 0

- 1 1 1 1

0 0 0 0

1 0 0 1

2 0 1 0

3 0 1 1

4 1 0 0

4 　Simulation and experimental results

A V HDL implementation of t he architect ure
of Fig. 5 has been undertaken ,and t he final design
was targeted to an FP GA device p rovided by
AlteraTM where t he EPIS80B95616 device was cho2
sen to fit t he design. The clock was generated f rom
a high quality Hewlett Packard p ulse generator
model No . 81130A ,and t he data was measured wit h
a Tekt ronix TL A713.

The MASH modulator was simulated for all
possible values of static inp ut K , and no tones in
t he whole spect rum were observed. For instance ,
t he modulator outp ut noise spect ra for a decimal
inp ut 3172232 , which corresponds to
01330548333161 as a f raction , is shown in Fig. 6
(a) ,where a clock f requency of 13M Hz was used.
The spect rum was obtained by Hanning windowed
2182point FF T data that was normalized to t he sin2
gle2bit quantization step size ,which in our case was
one. The power spect ral density of t he quantization
noise was measured , for a 13M Hz clock rate , by
capt uring t he outp ut bit st ream of t he modulator for
a fixed inp ut word. The bit st ream was acquired u2
sing a comp uter card developed specifically for the
p urpose of sampling bit s at a desired synchronized
clock f requency. The bit sampler sampled t he bit s
and stored t hem in a RAM buffer . The bit st ream
file was processed to perform a DF T to generate

and scale the power spect ral density , in t he same
manner as was done for t he simulation result . Fig2
ure 6 ( b) shows t he result of t he measurement .
Bot h t he st ruct ural bit2level simulation and meas2
urement result s in Fig. 6 confirm the 80dB per dec2
ade increase in t he spect rum ,validating the fourth2
order noise shaping. Furt hermore ,for 218 samples
of modulator outp ut , t he f raction was rep resented
to an accuracy of 991696 %. For the ext reme high
and low values of t he inp ut ,t he modulus cont roller
noise shaping deteriorates. It is found t hat t he
maximum range is 893689 ,which is 80 % of t he to2
tal range. The Hspice simulation shows ( Table 2)

t hat t he power t he static adder consumes is twice
t hat of the TSPC register . Through t he CST algo2
rit hm , which reduces the size of t he adder st ruc2
t ure by 40 % and adds to the size of the register by
20 % ,t he final measurement demonst rates that t he
power consumption is only 2168mW.

Fig. 6 　Output noise spect ra of the modulator 　( a)

St ructural simulation ; (b) FP GA measurement
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Table 2 　Energy consumption of blocks

Component Energy consumption

Static adder 0. 150fJ / operation

Noninverting TSPC register 0. 075fJ / operation

　　It is also wort h noting t hat DC inp ut s are the
worst case inp ut s for aΔΣ modulator ,and thus the
outp ut spect rum consist s of p ure tones and oscilla2
tions even when the order of t he system is high.

The circuit has also been implemented in ASIC
f ull custom design ,f rom t he R TL to the layout de2
sign ,toget her wit h a p rogrammable multi2modulus
divider ranging f rom 18500 to 19900 and ot her
blocks to implement a monolit hic CMOS F2N PLL
f requency synt hesis which works at 3700 ～
3840M Hz E2GSM Standard.

5 　Conclusion

The choice of an appropriate high order ΔΣ
st ruct ure requires t he consideration of many fac2
tors , including noise shaping , sp urious content of
t he outp ut bit number , and circuit complexity. A
fourt h2order MASH st ruct ure was designed and
implemented which allows for t he inp ut to operate
over 80 % of t he inp ut adder capacity. Simulations
and measurement result s confirm the suitability of
t he p ropo sed architecture for low2power CMOS im2
plementation of gigahertz range f requency synt he2

sizers.
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ΔΣ调制器在分数分频频率综合器中的分析与设计 3

张伟超 　许 　俊 　郑增钰 　任俊彦

(复旦大学微电子学系 专用集成电路与系统国家重点实验室 , 上海　200433)

摘要 : 提出了一种适用于分数分频锁相环频率综合器的全数字噪声整型ΔΣ调制器电路结构新的设计方法 ,并将
其最终实现.采用了流水线技术和新的 CST 算法优化多位输入加法器结构 ,从而降低了整体的复杂度和功耗. 这
种电路结构通过了 Matlab 的行为级仿真 ,ASIC 全定制实现并流片 ,该结构也通过 V HDL 综合实现验证 ,最后给出
的测试结果表明该电路具有良好的性能 ,可应用于单片千兆赫兹级低功耗 CMOS 频率综合器中.

关键词 :ΔΣ调制器 ; 分数分频频率综合器 ; 噪声整型结构
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