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Abstract - Fractional-N frequency synthesizer is modelled
using proposed MASH 1-2 AX modulator with an Quantizer to
analyze the occurrence of spur and phase noise. The macro
model was validated using MATLAB Simulink and Key sight
ADS. With a reference frequency of 20MHz, divider modulus of
10 and a fractional constant of 0.5, the fractional-N frequency
synthesizer achieves a synthesized frequency range of 200MHz
to 220MHz with 2 MHz resolution. The macro model has a
gain margin of 6.62dB and a phase margin of 49.9°, ensuring
the stability of the closed loop system with settling time of
Susec. The experimental results of phase noise and spurious
tone obtained by using proposed MASH 1-2 AY modulator was
compared with MASH 1-1-1-1 AY modulator and conventional
MASH 1-2 AX modulator. The phase noise is -44dBc/Hz at
220MHZz for the frequency synthesizer with proposed MASH 1-
2 AX modulator.
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1. INTRODUCTION

Fractional-N Frequency Synthesizer generates frequencies
that are non-integer multiples of the reference frequency,
provides smaller step size, narrow channel spacing and fine
frequency resolution. Finer step size can be achieved with
small values of N by switching between the multi-modulus
dividers (N, N+1, N+2, etc.). Fractional-N Synthesizer
generates reference spurs in the synthesized frequencies
that are fractional multiples of the reference frequency with
phase noise. Fractional-N synthesis can be separated into
two categories: classical fractional-N synthesis and A)}
fractional-N synthesis. The classical approach to fractional-N
synthesizer design [1], employs dithering and phase
interpolation. In A}’ fractional-N synthesis [2], the spurious
performance is improved through modulation of the divider
control. The architecture of Fractional-N synthesizer is
shown in Fig-1. The channel selection in a fractional-N
synthesizer is provided by AZ modulator. The AZ modulator
is used for switching control in multi-modulus divider in the
frequency synthesizer and it provides better noise shaping. A
single stage delta sigma modulator (DSM) has more
spurious tones and higher phase noise and it affects the
stability of the system, hence cascaded MASH architecture
are used which provides effective frequency resolution and
better stability[3].
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Fig -1: Conventional Fractional-N Frequency
Synthesizer

In this paper, a fractional-N frequency synthesizer with
proposed MASH 1-2 AY modulator is implemented. The spur
and phase noise analysis were performed for fractional-N
synthesizer with higher order A}, modulators.

The paper is organized as follows. Section II describes
analytical modeling of fractional-N frequency synthesizer.
Section III details higher order MASH delta sigma
modulators. Section IV narrates modeling of fractional-N
frequency synthesizer. Simulation results and discussions
are elaborated in Section V. Finally, Conclusions are given in
Section VL

2. ANALYTICAL MODELLING OF FRACTIONAL-N
FREQUENCY SYNTHESIZER

Fractional-N synthesizer consists of Phase frequency
detector, LPF (Low Pass Filter), VCO (Voltage Controlled
Oscillator) in the feed forward path and a frequency divider
(divide by N, N+1) in the feedback path and £A modulator to
control the frequency divider. The linear model of Fractional-
N frequency synthesizer is shown in Fig-2.
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Fig -2: Linear model of Fractional-N Frequency
Synthesizer
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2.1 Transfer Function of Fractional-N Frequency
synthesizer

The transfer function H(s) depends on order, filter shape,
type and bandwidth [4]. An XOR gate is used as phase
detector, it compares the phase difference between reference
signal (fref) and the signal produced by the VCO (fout). When
drefand Poutis 90° out of phase, the average output will be
VDD / 2, if ®ref and Pout is at 0° or 180° phase difference,
the average output will be 0 or VDD respectively.Transfer
function of phase detector [5] is given as

D
K —— (V/radians) (D

pd =

A second order Butterworth low pass filter is used as
loop filter will give rise to PLL of order three, due to the
presence of VCO. The higher order filters provides adequate
suppression of spurious tones and also high frequency phase
noise can be eliminated. Higher order loop filters are difficult
to analyze and design, the system is restricted to second
order LPF. The second order LPF transfer function,

L(s) = unt(s) _ 1 @
Vin(s) 52 +\/§5 +1

The transfer function of VCO with gain k is given as:

Out(s)  Kyco
In(s) s

(3)

The frequency divider divides the VCO’s output frequency,
the frequency divider (N) is given as

I:ref o F (S)
Where, ®r(s) is the phase of the divided synthesized
frequency and ®y(s) is the phase of output synthesized
frequency.The open-loop transfer function of the frequency
synthesizer is,

G(s) = Kpd x L(s) x y

K

VEO . A (5)

S
Where, Ay is the amplifier gain used to amplify the VCO
control voltage. The closed loop response of the frequency
synthesizer is

Ho - Zout® B ©)
‘Din(s) 1+&
N,N+1

2.2 Stability Analysis and settling time of Fractional-N
frequency synthesizer

The transfer function was obtained by using the design
parameters listed in Table-1.

Table -1: Design specifications of Fractional-N Synthesizer

Components Parameters Value

Phase detector Type XOR

Filter Butterworth Passive
Type Two
Order Third

VCo Kveo (VCO 10 MHz/V
sensitivity)

Divider ratio N 10

Fractional dN 0.5

constant

Gain Ay 0.3

The closed loop transfer function of the frequency
synthesizer,

2.352+1018
H(s) = (7)

s342.666%10% 52 +3.537%1012 5+ 2.352+1018

The stability of the frequency synthesizer is interpreted by
pole zero map and bode diagram. For a PLL 3rd order system,
all three poleslies on the left hand side of the plane is shown
in Fig-3, ensuring the system is stable. The closed loop
transfer function of the system has gain margin of 6.62dB
and phase margin of 49.9° is shown in Fig-4.This value of
phase margin is an optimum value, occurs between more
than 45° and less than 90°, that gives best stable system.
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Fig -3:Pole-zero plot of the closed loop transfer function

The step response of the closed loop system of fractional-
N frequency synthesizer is shown in Fig-5, a faster settling
time of 5us was observed.
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Fig -4:Gain margin and phase margin of the frequency
synthesizer

3. HIGHER ORDER MASH DELTA SIGMA
MODULATOR

The choice of appropriate high order AX structure requires
the consideration of many factors including noise shaping,
spurious content of the output spectrum, output levels, loop
filter order and circuit complexity. The high order AX
modulators increase the complexity of circuits, thus chip size
and power consumption increases. High order AX
modulators can be realized with interpolative and MASH
architectures. A disadvantage of high order interpolative
feedback structure is that they are subject to instability.
MASH architecture uses a cascade-type structure where the
overall higher-order modulators are constructed using
lower- order ones. For high resolution and large bandwidth
applications, cascaded AX modulators are suitable. Second
and third order modulators are practically used for
fractional-N synthesizers. Fourth or higher order modulators
are rarely used because it is difficult to suppress the phase
noise at higher frequencies. The comparative analysis made
between conventional 4% order A)Y, modulator and the
proposed 3rd order MASH 1-2 AY, modulator.
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Fig -5: Step response of the frequency synthesizer

3.1 MASH 1-1-1-1 A}, Modulator

The architecture of MASH 1-1-1-1 AX modulator [6]
structure with error cancellation network, controls the
multi-modulus divider. The transfer function of MASH 1-1-1-
1 topology is expressed as

AN[n] = e, [n]* @ -2 5% + Fln] ©)

Each AX block consists of a quantizer and an delay
element, whose carry output is cancelled by the preceding
stage except for the last stage. The fourth order AY
modulator produces 16 levels and the circuit is more
complex.

3.2 Proposed MASH 1-2 AY, Modulator

Fourth or higher order modulators are rarely used because it
is difficult to suppress the phase noise at higher frequencies
and it contributes to increased spurious tones [6]. Second
and third order modulators are practically used for
fractional-N frequency synthesizers. The output of MASH 1-2
AX modulator has only four levels varies from -1 to 2 and
also the complexity of the circuitis reduced. In conventional
MASH 1-2 AX modulator [8], the input to the first stage
comprises of accumulator, quantizer and a delay element,
the quantized output signal is fed into second stage of the
modulator. The transfer function of conventional MASH 1-2
topology,

-1,3

Y(2) =X(2) +QUz) * 1~z 7) (9)
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Fig -6: Proposed MASH 1-2 AX Modulator with quantizer
in the 2nd stage

The architecture of proposed MASH 1-2 topology is
shown in Fig-6. The difference between conventional MASH
1-2 AY Modulator [8] and the proposed MASH1-2 AX
modulator is, the addition of an quantizer and an delay
element in the second stage of modulator, is highlighted in
the architecture. The transfer function of single stage
modulator is,

1

YU(z)=X(2)+QU2)*(L—z 7) (10)

© 2018, IRJET | ImpactFactorvalue: 6.171 |

IS0 9001:2008 Certified Journal |

Page 2476



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 05 Issue: 03 | Mar-2018

www.irjet.net

p-ISSN: 2395-0072

Where, X(z) is an input signal, Q1(z) is an quantization error
of the 15t stage. The first stage Q1(z) is fed to the input of 2nd
stage. The output Y2(z) can be written as,

~QUz) 27 2xv3(2)

Y2(z) =
1—2_1 l—z_1

+Q2(2) (11

Where, Q2(z) is the quantization error of 2nd stage. The

error Q2(z) is given as input of 3rd stage

_ 1
Y3(2) = (Y2(2) - Y3(2) * 2 D). T +Q3(2)  (12)
1-z
The overall transfer function of MASH 1-2 topology is,
-1,3
-z 7)
Y(2)=X(2)+20@) ——F—— (13)
-1 -2
1-z " +z

The effect of quantization error obtained by the last stage in
the proposed architecture is less when compared to the
conventional MASH 1-2 and MASH 1-1-1-1 4t order DSM.

4. MODELLING OF FRACTIONAL-N FREQUENCY
SYNTHESIZER USING KEYSIGHT ADS

The parameters mentioned in Table-1 were considered to
model an Fractional-N frequency synthesizer with higher
order delta sigma modulator, especially third and fourth
order DSM. The equivalent ADS model of MASH 1-2 DSM is
presented in Fig-7.An macro-model of Fractional-N
synthesizer with proposed MASH 1-2 AY modulator is
shown in Fig-8.

The fractional-N synthesizer is modelled with phase
frequency detector/CP, aloop filter,a VCO/divide-by-N block
and an subsystem of MASH 1-2 AX Modulator .The PFD/CP
has an current of 20pA.The second order loop filter consists
of 1KQ resistor and the capacitors C1,C2 of 1pF and 0.1pF.
The block also has a delta divide-by-N input (dN) and the
input comes from the accumulator’s output(either 0 or 1).
The block has three outputs: the envelope of the VCO signal
(vco),itsinstantaneous frequency (frq), and the phase of the
divided signal as a saw tooth wave, varying from -m to +T.
The control voltage (Vine) range of 600mV was observed
and is used for fine tuning the vco output. The fractional-N
synthesizer generates 200MHz to 220MHz range of
frequencies.

The frequency spectrum is observed to have the desired
synthesized frequency of 200MHz, along with the spur and
phase noise detection. The occurrence of spurs in the
synthesized spectrum will lead to wrong tuning of VCO, also
will generate a number of spurs at multiple frequencies. The
components in the PLL such as divider N and VCO contributes
more phase noise. The large divider ratio leads to excess
noise and spurs. To obtain fine resolution, divider ratio (N)
should be small [9].

Fig -7: Equivalent ADS Model of MASH 1-2 Delta sigma
modulator
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Fig -8: ADS model of Fractional-N synthesizer with Proposed
MASH 1-2 AY Modulator

5. SIMULATION RESULTS AND DISCUSSIONS

The envelope simulation is performed in Keysight ADSand a
synthesized output signal with an output frequency of
200MHz is generated is shown in Fig-9.The output of the vco
signal with a phase of the divider ratio for the synthesizer is
shown in Fig-10.The frequency response of 4t order MASH
AY. Fractional-N synthesizer is shown in Fig-11. The spurs
present on both left and right side band of the carrier. For
the fractional-N synthesizer with 4t order DSM, the phase
noise is observed to be -34dBc/Hz at 220MHz.

The macro-model with conventional MASH 1-2 A}
modulator as subsystem is simulated and the frequency
spectrum of the synthesizer is shown in Fig-12. The
occurrence of fractional and reference spur is less compared
to the model with 4% order DSM. The phase noise
contributed by 3rd order conventional MASH 1-2 is observed
to be -38dBc/Hz.
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Fig -9: Synthesized Output signal of Fractional-N
synthesizer with proposed MASH 1-2 DSM
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Fig -10: VCO signal (TRAN.vco) and phase of the divided
signal (divvco)
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Fig -11: Frequency spectrum of Fractional-N synthesizer
with MASH 1-1-1-1 topology

From Fig-11 and Fig-12, it can be seen that the contribution
of phase noise is reduced by using third order DSM. The
frequency spectrum of proposed MASH 1-2 Fractional-N
synthesizer is shown in Fig-13. The spurs are totally reduced
by using MASH 1-2 with an quantizer architecture.
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Fig -12: Frequency spectrum of Fractional-N synthesizer
with conventional MASH 1-2 topology
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Fig -13. Frequency spectrum of Fractional-N synthesizer
with proposed MASH 1-2 topology

The phase noise contributed by the proposed system is
observed to be -44dBc/Hz. The phase noise of MASH 1-2
compare to MASH 1-1-1-1 is observed to be reduced while
achieving high level of fractional spur reduction at the
output spectrum. The overall net improvement of phase
noise is 10dBc/Hz. The comparison of spur and phase noise
with MASH third and fourth order delta sigma modulatorsis
tabulated in Table-2. The performance summary comparison
with other works is listed in Table-3.

Table -2: Performance summary and comparison

© 2018,IRJET | ImpactFactorvalue:6.171 |

Parameters [6] [10] Proposed
system

Reference 20MHz 35MHz 20MHz

frequency

Output 210MHz | 2.1GHz 200MHz

frequency

AY, 4th order | 3rdorder 3rd order

Modulator DSM DSM DSM

Spur -15dBc -60dBc No spur

Phase noise -135dBc/Hz | -44dBc/Hz
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@1MHz @ 210MHz
Offset Offset
Settling time | 3.32 ps 7us 5us
Loop filter Second Passive third | Passive
order order second order

Table -3: Comparison with prior works

Parameters | [6] [10] Proposed
system

Reference 20MHz 35MHz 20MHz

frequency

Output 210MHz 2.1GHz 200MHz

frequency

AY 4t order 3rd order 3rd order

Modulator DSM DSM DSM

Spur -15dBc -60dBc No spur

Phase noise -135dBc/Hz | -44dBc/Hz
@1MHz @ 210MHz
Offset Offset

Settling time | 3.32 pus 7us 5 us

Loop filter Second Passive third | Passive

order order second order

5. CONCLUSION

A MASH 1-1-1-1 and MASH 1-2 delta sigma modulator
architectures for 200MHZ fractional-N frequency synthesizer
were successfully implemented. The result shows that
increasing the order of the AY. modulator will lead to more
spurious tones and phase noise, and the best order DSM is
the 3rd order because it gives better noise shaping and
suppresses reference and fractional spurs . The transfer
function proves that the system is stable because the phase
margin is greater than 45° and less than 90°and also has
faster settling time. In this paper a considerable
improvement was achieved in minimizing phase noise and
spurious noise level using proposed MASH 1-2 AY
modulator. The net improvement of noise reduction is
10dBc/Hz by using MASH 1-2 modulator and also it
provideslow complexity.This work is being carried out to
implement an circuit level modeling of Fractional-N
synthesizer with MASH 1-2 third order delta sigma
modulator in CMOS 180nm technology using cadence for
future work.
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