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Abgract : This paper presents the desgn consderations and implementation of a novel topology digital multi- stage-
noi se-shaping (MASH) deltarsigma modulator suitable for fractional-N phase-locked-loop (PLL) frequency synthe-
ss. In an efort to reduce the complexity and dissipation ,a pipeline technique has been used , and the proposed carry
save tree (CST) algorithm optimizes the multi-input adder structure. The circuit has been verified through Matlab
simulation ,A SIC implementation ,and FPGA experiment ,which exhibits high performance and potential for a giga
hertz range ,low-power monolithic CMOSfrequency synthesizer.
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1 Introduction

Frequency synthesizers are widely used as lo-
cal oscillatorsfor frequency trandation ,which pro-
vide accurately defined frequencies and desred
channel selection in wireless transceivers'’ . Stand-
ard frequency synthesizers with integer-N dividers
have difficulties meeting various specifications due
to their fundamental tradeoffs between loop band-
width and channel spacing. The fractional-N ap-
proach eliminates this limitation ,which alows fre-
quency steps far smaller than the reference fre
quency. Therefore,the loop bandwidth can be lar-
ger ,aleviating the requirements for the voltage
controlled oscillator (VCO) phase noise and the
reference frequency suppresson. However, the
fractional divison causes spurious tones at frac
tional multiples of the reference frequency. Several
methods to overcome the spurious problem have
been proposed®® of which theAZ fractional-N ar-
chitecture seems to be widely accepted as the best
one,as shown in Fig. 1. Thisis achieved by ran-
domizing the feedback divison ratio such that the
quantization noise of the fractional-N divider is
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tranderred to higher frequencies.
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Fig.1 FN synthesizer withA% modulator

For fractional-N frequency synthess, two
types of AX modulators have been used“®'. Oneis
a sngleloop modulator and the other is a cascaded
modulator called the MASH architecture. The lat-
ter has the advantage that higher-order noise filte-
ring can be achieved using lower-order modulators.
The overall cascaded system should remain stable
snce the lower-order modulators are more stable.

This paper focuses on the MASH 2-1-1 all-
digital delta sgma modulator topology design and
implementation ,which offers larger output dynanr
ic range and better noise shaping performance.

c 2006 Chinese Institute of Hectronics
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2 The proposedAZ modulator

TheAZ modulator isa nonrlinear system with
afilter (digital or analog) ,a feedback loop ,and a
quantizer ,which operates at an oversampled fre-
quency. The filter in the loop attenuates the noise
introduced by the quantization so0 that the quantiza
tion noise,which remains at the DSM output ,is
low compared to the DSM input signal in the band
of interest. This action of shaping the quantization
noiseis al o referred to as noise shaping'® .

In our case theinput (x) isadigital word,re-
presenting the desired fractional value to synthe
Sze. Therefore, we consder a digital equivalent to
the analog AZ modulator. A first-order digital A
modulator is shown in Fig. 2.
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Fig.2 Block diagram of afirst-order AZ modulator

The AZ modulator filters differently the
guantization noise (g and theinput signa (x) ,as
illustrated by Eq. (1) .

The expression of the output of thefirst-order
A> modulator yis given by

_ _Izlm:_ 1
Y(2) = 1+ z' Hin X(2) + 1+7° HintQ(Z)
= X(2+@Q- 202 (1

The dgnal-flow graph for this modulator inits
digital implementations is illustrated in Fig. 3,
where the mbit input signal K[ n] is summed
with the mbit register content to produce the (n+
1) bit quantizer input signal v[ n]. The 1-bit quanti-
zation processis accomplished by s mply taking the
most significant bit (MSB) of v[ n]. The resdual m
bit sgna , which represents the negative of the
quantization error sgnal ,is then stored in the reg-
ister to be summed in the next clock cycle!” .

We can deduce the f requency noise introduced
by fractional divison when the MA SH controlsthe
divison ratio N/ (N + 1) with x = K/ Fand N is
given. Indeed,

fVCO = (Ninteger + Nfractional) fre‘

= Nfw + (JF‘ + Hiow (1) (1) fe (2)
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Fig.3 Sgna flow graph

The constant term Nf .« + Jéfrd is removed

and the fluctuating term frie (f) = Huie (f) @ (f) X
fr« remans,which is the expresson of the fre
quency fluctuation noise introduced by fractional N
frequency synthess.

A 1-bit quantizer produces a quantization ¢ ,
uncorrelated with x. Furthermore ,if ¢ is assumed
to be a uniformly distributed white noi se sequence,

: : : A
the mean of @ iszero and the variance |sG§3 =12

withA =171 Asthe power is spread over the band-
width f ,the power spectral densty (PSD) of the
o 1
fre 12f e’
us to write the expression of the frequency fluctua
tion frie as

quantization error ¢ is This enables

1 l1-Z"%f.
12f 12

Sf Hnois;e(f)fre!l2

noise :|
(3
In terms of noise contribution,the noise ex-

presson is more relevant than the frequency noise
expresson. Phase and frequency are related by in-

tegration as ¢ :Jm finaantaneousdt[z]
SéN —N+1 Z) = Smse Sntegration

A I ()’
= X Sl 2¢2
12 | 1- 27| fr
_ (2L’2 _ 4 2 . -1
1260 | 1- z (rad® - Hz ") (4)
. v
Replacing z by e'« ,we get
[E)Z f
S4),N<—N+1(Z) = | ZSinT[ |4 (5)
12frd frd

The trangtion is generalized to rnrorder DSM
output and resultsin the phase noise contribution:

au? . Tf

_ : 2(n-1)
Stnwea(2) = o ] 280 (6)
When f < f« ,Equation(6) is approximated as
Iimsinx= X,
_ (a2 2(n D)
Sonn+1 () 12f | at f | (7

When a MASH structure controls the frac
tional frequency divison,the quantization noise is
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shaped as shown in Eq. (7). Higher frequencies
components are then removed by the low-pass
characteristicfromthe PLL . The spuriousperform-
ance isimproved.

As may be concluded from Eq. (7) ,the degree
of noise shaping is directly related to the order of
the delta- sSgma modulator used.

The first-order DSM presents strong idle
tones for DC inputs. With a second-order modula
tor in the first stage,there is a smaller amount of
noise in band to be MASH structure. Even when
some of the modulator noise is not properly can-
celled by the following stages in the MASH ,the
noi se leakage has a second order shaping character-
istic. Therefore a second-order modulator is better

suited for thefirst stage of the MASH structure. In
general ,we first place all the second order modula
tors to obtain a strong noise shaping within the
first stages. Due to potential imperfect cancellation
and the stability of the loop ,in practice the number
of stagesis often limited to 4. A detailed stahility
analysis of the chosen MA SH modulator has been
performed. When the outsde temperature and
power voltage change ,the loop demonstrates good
stability. Scaling factors are introduced between
stages ,and additives poles may be placed in each
second order stage to insure stability of the MA SH
structure® . From the above considerations,MA SH
2-1-1 has been chosen to be the right structure,
whichisillustrated in Fig. 4.
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Fig.4 Diagramof MASH 2-1-1

The poles and scaling factor in the noise trans
fer function of the second order stages ensure the
stability of the system ,without modificationsof the
frequency characteristic of the sgnal tranger func-
tion. The choice of the scaling factorsand polesisa
compromise between SNR and stability require
ments. If the scaling factors are chosen as powers

of 2 ,the divisons and multiplications by 2 are im-
plemented with bit shifters. The scaling factors
limit theinternal sgnal amplitude and maintain the
input of the quantizer in a bounder range of values
resulting in a bounded value for the quantization
noise in each stage. If the input scaling factors are
chosen to be too large,the cascade of stages may
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lead to large amplitude signals with strong tonesin
the noise spectrum.

Through the noise cancel network ,the optimi-
zation scaling factors are chosen: Ka =1/ 3, Ko =3/
5,Kk=Ki=1/3,lh =3, =5,k =1, =3,G =
G =2. The output of the modulator is

Y(2) =Z2X(2 + (1- zH "' E(2 (8

3 Implementation of the 2-1-1 MASH

In this design ,afourth-order MASH 2-1-1AZ
modulator is used to randomize the instantaneous
divison ratio of MMD ( multi-modulus-divider)
such that the spur noise contributed by the divider
is shaped to high frequencies,which in turn can be
filtered by the loop filter. The input bit length of
the modulator is chosen as 24bits,which leads to a
frequency resolution® smaller than 10kHz when
the reference frequency is set to 13M Hz ,which can
fully cover the requirement of the GSM applica
tions.

A pipelining technique is used to speed up the
A% modulator even further for two reasons. First ,
it enables an even higher reference frequency to be
used during testing to determine the effect of in-
creasing the reference frequency on the phase noise
performance of theA>~ PLL. Second ,it enables the
A% modulator to work at lower supply voltages
while still operating at 13M Hz. This helps to re
duce the power consumption of theAZ modulator.
Figure 5 illustrates the circuit realization of the
MA SH architecture.

> Error
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FHg. 5 Implementation of the fourth-order MASH
modulator

Each accumulator employs a pipelined 24bit
adder and a 24bit register. It can be seen that there
isalong delay chain between the accumulator over-

flow outputs; therefore, they appear at different
time instances. To provide synchronization among
the carry overflows ,they are capturedin 1bit regis
ters before being forwarded to the error cancella
tion network. The network performs the specific
function of canceling the quantization error from
thefirst two stages and produces a 3bit output.

A 24bit adder can be easly realized by using
24 full-adder (FA) logic circuits connected in cas
cade. The key block in the proposedAZ modulator
is the multi-input adder. Optimizing this adder
structure is pivotal in decreasng the area and pow-
er consumption of the entire PLL. In this study ,a
multi-input addition algorithm is proposed which is
capable of adding several operands without sgn ex-
tenson. Several algorithms have been proposed in
the literature which is optimized specifically for the
case of adding hr partial productsof a multiplier' .
However ,in the new proposed algorithm ,the most
significant bit (MSB) of each operand is given a
negative weight. Adding the M B of an operand to
another number would be the same as subtracting
the MSB from the other number. Four different
cell s are poss ble depending on the number of nega
tively weighted inputs.

(C,S) = X+Y+2Z

(C,-9 =- X+Y+2Z
(-CS =- X-Y+2 ©)
(-C, -9 =- X-Y- Z

where X,Y,and Zare theinputsof each cell ,and
Cand S are the carry-and-sum outputs of the adder
cells. Note that the fist and last equations are inr
plemented in the same circuit. This means that
two’ s complement addition of several operandsis
possible usngonly three cellsin the carry save tree
(CST).Usdng the type of arithmetic illustrated in
Eg. (9) ,the number of required cells was reduced
by more than half in comparison to a sgn extenson
solution. This greatly aidsin reducing the area and
power dissipation of the digital AZX modulator.

Equation (10) depictsthe logic diagram of the
error cancellation network used in the realization of
Fig. 5. The error cancellation network bascally
performs the following function

Y[n] = Xs[n] - 2G[n- 1] + G[n- 2] +
G[n] - G[n] - G[n- 1] + G[n]

(10)
where G represents the carry outs of the ith accu-
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mulators.

The output of the MASH isa sgned multi-bit
number ,snce the 3bit two’ s complement system
covers the number levels between - 4 and + 3,
while the 221-1 MASH produces output levels be-
tween - 3 and +4. To eliminate one additional bit
coding at the output ,we have coded the output lev-
el +4 as - 4. The coding table of the MASH out-
put and the corresponding levels are shown in Tar
ble 1.

Table1l Coding tablefor the MASH output
Qutput level Out3 Out2 Outl
1 0 1

rlw v e lo]!

P lolollolo |- |-
ofr [ |o|o |~ |+
ol lo|~ o |o

4 Simulation and exper imental results

A VHDL implementation of the architecture
of Fig.5 has been undertaken ,and the final design
was targeted to an FPGA device provided by
Altera™ where the EPIS80B95616 device was cho-
sen to fit the desgn. The clock was generated from
a high quality Hewlett Packard pulse generator
model No.81130A ,and the data was measured with
a Tektronix TLA713.

The MASH modulator was smulated for all
possble values of static input K,and no tones in
the whole spectrum were observed. For instance,
the modulator output noise spectra for a decimal
input 3172232, which corresponds to
0. 330548333161 as a fraction,is shown in Fig. 6
(a) ,where a clock frequency of 13M Hz was used.
The spectrum was obtained by Hanning windowed
2"%-point FFT data that was normalized to the sin-
gle-bit quantization step size ,which in our case was
one. The power spectral density of the quantization
noise was measured ,for a 13M Hz clock rate, by
capturing the output bitstream of the modulator for
afixed input word. The bitstream was acquired u-
sing a computer card developed specifically for the
purpose of sampling bits at a desired synchronized
clock frequency. The bit sampler sampled the bits
and stored them in a RAM buffer. The bitstream
file was processed to perform a DFT to generate

and scale the power spectral density,in the same
manner as was done for the smulation result. Fig-
ure 6 (b) shows the result of the measurement.
Both the structura bit-level smulation and meas
urement resultsin Fig. 6 confirm the 80dB per dec-
ade increase in the spectrum ,validating the fourth-
order noise shaping. Furthermore ,for 2" samples
of modulator output ,the fraction was represented
to an accuracy of 99 696 %. For the extreme high
and low values of the input ,the modulus controller
noise shaping deteriorates. It is found that the
maxi mum range is 893689 ,which is 80 % of the to-
tal range. The Hspice smulation shows ( Table 2)
that the power the static adder consumes is twice
that of the TSPC register. Through the CST algo-
rithm, which reduces the sze of the adder struc
ture by 40 % and adds to the sze of the register by
20 % ,the final measurement demonstrates that the
power consumptionisonly 2 68mWw.
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Fig.6 Output noise spectra of the modulator (a)
Structural smulation; (b) FPGA measurement
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Table 2 Energy consumption of blocks

Component
Static adder
Noninverting TSPC register
It isalso worth noting that DC inputs are the
worst caseinputsfor aAX modulator ,and thus the
output spectrum consistsof pure tones and oscilla
tions even when the order of the systemis high.
The circuit has also beenimplementedin ASIC
full custom desgn from the RTL to the layout de-
sgn ,together with a programmable multi- modulus
divider ranging from 18500 to 19900 and other
blocks to implement a monolithic CMOS N PLL
frequency synthess which works at 3700
3840M Hz E GSM Standard.

Energy consumption
0. 150fJ/ operation
0. 075fJ/ operation

5 Conclusion

The choice of an appropriate high order Az
structure requires the consderation of many fac-
tors,including noise shaping, spurious content of
the output bit number ,and circuit complexity. A
fourth-order MASH structure was designed and
implemented which allowsfor the input to operate
over 80 % of the input adder capacity. Smulations
and measurement results confirm the suitability of
the proposed architecturefor low-power CMOSinm-
plementation of gigahertz range frequency synthe
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