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Abstract - This paper presents a programmable phase-
locked-loop (PLL)-based fractional-N frequency synthe-
sizer that uses a third-order AX-modulator. The in-
band phase noise of -97 dBc/Hz in the integer-mode
and -94 dBc/Hz in the fractional-mode is measured at
30 kHz offset. In addition to offering an ultra-fine fre-
quency resolution of down to 12.4 Hz and very low in-
band phase noise this frequency synthesizer offers, with
a loop-bandwidth of about 100 kHz, a very fast settling
time of less than 95 us when a 75 MHz jump is applied.
This feature enables multiple applications RF applica-
tions including GSM to send a signal and quickly reset
to send another signal to meet high data throughput re-
quirements.

I. INTRODUCTION

In the last decade the field for low-cost univer-
sal frequency synthesizers has grown considerably.
Frequency synthesizers based on an integer-N phase-
locked-loop (PLL) often lead to problems in meet-
ing various specifications due to their tradeoff be-
tween loop bandwidth and channel spacing. In every
complex digital modulation scheme, as in the global
system for mobile communications (GSM), the phase
noise of the frequency synthesizer is a very critical pa-
rameter. When their specifications require a fine chan-
nel spacing, a lower comparison frequency must be
used which leads to high division values with stan-
dard integer-N PLLs that directly degrades the phase
noise performance. The problem of low compari-
son frequency can be avoided by using a delta-sigma

(AX) modulated fractional-N PLL [1]. This technique
and the use of a high comparison frequency lead to
good levels of phase noise and reference frequency
feedthrough suppression [2].

The demonstrator of our frequency synthesizer also
offers a very low step size of 12.4 Hz when operated at
a reference frequency of 13 MHz [3]. When applied to
the GSM-system, where an accuracy of 0.1 ppm for the
carrier of the transmitted signal is required, a digital
correction method can be used instead of the currently
used analog tuning of a voltage controlled temperature
compensated crystal oscillator (VCTCXO).

Due to the fact that our (AX) modulated fractional-
N PLL uses a high comparison frequency and a wide
loop filter bandwidth, a fast switching speed can be
achieved when changing the carrier frequency in a
GSM handset.

I1. FRACTIONAL-N
FREQUENCY SYNTHESIS TECHNIQUES

Indirect frequency synthesis based on a fractional-N
phase locked loop as shown in Fig. 1 obtains a fine fre-
guency resolution by interpolating a fractional division
value using an oversampling (AX) modulator with a
coarse frequency divider. This architecture offers the
possibility to have a frequency resolution smaller than
fref-

One easy way to control the actual divider value is
to use the carry-out of an accumulator to toggle be-
tween two divider values N and N+1 of a dual modu-
lus prescaler. The PLL lowpass characteristic may be
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Figure 1: Frequency synthesizer with AX-modulated
fractional-N PLL

utilized to filter the divider values to get the required
fractional division. The spectrum of the switching se-
guence has well defined spurious noise lines due to the
short periodicity in the phase error signal. This spuri-
ous lines appear as well defined spurious tones in the
spectrum of the output signal at multiples of the fre-
guency offset.

Due to the fact that the phase error is easy to predict
a compensating signal can be summed into the PLL to
cancel this error. The complexity of this interpolation
technique makes it unsuitable for many applications.

When (AX) modulators with higher order are used
it is permitted to model the quantization noise as added
white noise. Such modulators are also less susceptible
to a constant input signal. This principle was first used
in digital to analog conversion, where the (A33) modu-
lator switches between coarse quantized voltage levels
to get the desired output voltage.

I11. SYNTHESIZER IMPLEMENTATION

As shown in Fig. 1 we have implemented a high per-
formance frequency synthesizer. The phase-frequency
detector (PFD) is a conventional sequential structure
with a tri-state charge pump followed by a single
ended 5-element off-chip low pass filter [4]. The volt-
age controlled oscillator (VCO) is an external module
with a tuning range to cover the GSM 900 and DCS
1800 transmit band. The value of the synthesized fre-
quency is determined by the division factor in a new

multi-modulus structure which was also implemented
in a custom IC. To control the divider values in the
fractional-N frequency synthesizer a third order multi-
stage noise shaping (MASH) structure with an eight-
level quantizer is used. This quantizer expands the di-
vision range within (N-3) to (N+4).

IV. NOISE TRANSFER FUNCTIONS

The closed-loop transfer function of Fig. 1 can be
derived as

éout (S) 1
—N———— =NG(s) (1)
Ores (8) 1+ oy 7

where N is the divider value, Kp [Alrad] and Ky
[rad/Vs] are the conversion gain values of the PFD and
the VCO respectively; Z(s) [€?] is the Laplace trans-
form of the transimpedance of the loop filter and s is
the complex Laplace variable.

Based on the linear white noise model that is valid
for AX modulators for second and higher order the
phase noise S ., added by the AX modulator is
given by

2(m—1)
St~ 22 i )]

T 12F, Fref Hz
)
where m represents the order of the modulator.

With the use of the linear model of a fractional-N
PLL this phase noise will be low-pass filtered to the
output with the transfer function G(s). Then the power
density at the output of the VCO can be approximated
by the following expression:

Sfb,n,pll(f) = S@,n,m(f) |NG(.727Tf)‘2 (3)

For a complete noise analysis of a AYX modulated
fractional-N PLL the model proposed in Fig. 2 has to
be used [5]. The noise sources in the PLL design added
from each block are:

e Sonpp ... Phase noise due to the phase fre-
quency detector

® Sonref - Phase noise of the reference oscillator
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® S& n.div -~ Phase noise due to the divider
® S3 n,cp ... Noise in charge pump current

® Syn, ... Thermal noise generated by the loop
filter resistors

® S3pm ... Phase noise due to the MASH-

modulator

e Ssnvco ... Phase noise due to the VCO

passband
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Figure 2: Noise model for AY modulated fractional-N
PLL

When all the individual noise sources are filtered
with the appropriate transfer function the total phase
noise at the output of the VCO is given by:

S‘i’,",pll(f) = {S¢,n,m(f) + N2[S¢,n,ref(f) +
Sp.npae()]} |G (527 )
K, |?

+{S¢,n,vco(f) + Su,n,z(f) ‘jZﬂ'f }
L - G(j2rf)? @

V. CIRCUIT REALIZATION
AND MEASUREMENT RESULTS

A prototype synthesizer was fabricated in a 25 GHz
BiCMOS process with 0.6 um minimum feature size
containing the PFD, charge pump and multi-modulus
divider. The third order MASH AX.-modulator and the
additional control logic are implemented in a field pro-
grammable gate array (FPGA).

As mentioned before, our AY. modulated fractional-
N PLL uses a high comparison frequency and a wide
loop filter bandwidth. This enables a fast switching
speed when changing the output frequency. The mea-
surement setup shown in Fig. 3, where a passive mixer
performs the operation of a phase detector, is used to
measure the switching time of our implemented AX
modulated fractional-N frequency synthesizer.
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Figure 3: PLL lock-in time measurement setup

y

The output voltage u4(t) (Fig. 3) can be expressed
by the following equation:

Ui oU:
ug(t) = =220 gin[@,(4)] (5)

In a GSM-transmitter the settling requirements for
the synthesizer are defined by:

‘q)e(t) - (be(t - OO)| < 50 (6)

Simulations for a 75 MHz jump from 1710 MHz
to 1785 MHz predict a settling time of approximately
95 us.

Measurements, as shown in Fig. 4, demonstrate that
the implemented frequency synthesizer operates with a
settling time of smaller than 95 us when changing the
output frequency from 1710 MHz to 1785 MHz.

State of the art fractional-N frequency synthesizers
for GSM- and GPRS-applications as presented in [6]
perform such a frequency change in about 180 ys.
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Figure 4: PLL lock-in time measurement result

The measurement results shown in Fig. 5 demon-
strate the good phase noise performance of the proto-
type synthesizer. Here the output of the VCO was set
to a fractional frequency of F,,;=884.2 MHz and an
integer frequency of F,,;=884 MHz.

V1. CONCLUSION

A programmable PLL-based fractional-N frequency
synthesizer that uses a third-order AX-modulator with
inband phase noise of up to -97 dBc/Hz at 30 kHz off-
set is presented. This synthesizer offers an ultra-fine
frequency resolution of down to 12.4 Hz and a very
fast settling time of less than 95 us when a 75 MHz
jump is applied. The proposed system meets the re-
quirements of many RF applications including GSM.
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Figure 5: Measured spectrum at F,,; = 884.2 MHz
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