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Design of High-Performance PFD-CP
for 403MHz CMOS Fractional-N
Frequency Synthesizer

Sherif Saleh, Ghada Hamdy, Hamed Elsemary, and Amal Zaki

Abstract—This brief discusses the challenges and employs a
novel charge-pump and a PFD/CP linearization technique to
improve the performance of a 403MHz fractional-N PLL.
Techniques are proposed to improve the linearity of the PLL
by forcing the PFD/CP to operate in a linear part of its transfer
characteristics, while the charge-pump minimizes the current
mismatch between the up and down currents by using feedback.
The circuit is designed in 0.13pm CMOS process and consumes a
total power of 2.6mW. The simulation results show that the
synthesizer has a phase noise of -128dBc¢/Hz at 1MHz offset.

Index Terms—N-PLL;
PFD/CP

charge current matching;

pump;

I. INTRODUCTION

HASE-LOCKED loop (PLL) is perhaps the most widely

used mixed-signal circuit block in a silicon-on-a-chip and
is regarded as one of the most power-consuming components.
Fractional-N PLLs are employed in many applications. Unlike
an integer-N PLL, the output frequency of a fractional-N PLL
is not limited to integer multiples of a reference frequency. It
has the benefits of fast locking, fine frequency resolution, and
is able to accommodate various reference frequencies.

The operation principle of a fractional-N PLL lies
in agitating the divide ratios to generate a fractional divider.
The classical fractional-N PLL uses an accumulator to agitate
the divide ratio [1]. However, this methodology suffers from
the existence of fractional spur and the cancellation of
quantization noise, which can be created due to periodical phase
error and the existence of finite matching accuracy. In order to
meet the strict performance requirements, a linearization
technique for a phase frequency detector (PFD)/charge-pump
(CP) is proposed. The proposed method tends to improve the
linearity of the PLL by forcing the PFD/CP to operate in a linear
part of its transfer characteristics, while the feedback is
employed to minimize the current-mismatching in the charge-
pump. This paper is organized as follows. Basics and challenges
of fractional-N PL are described in section II. Section III
discusses the circuit nonlinearity and linearity enhancement
techniques. The proposed charge-pump design is reported in
section IV. The simulation results and discussions are reported
in section V. Finally, conclusion is drawn in section VI.
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II. FRACTIONAL-N PLL BASICS AND CHALLENGES

A fractional-N PLL, which is basically a variant of the
prevalent integer-N PLL, is shown in Fig.l. Similar to an
integer-N PLL, the control voltage Vctrl is adjusted by using a
negative feedback and, hence, the oscillation frequency Fout of
a voltage-controlled-oscillator (VCO). As depicted in Fig. 1
with the help of the PLL’s output waveforms, illustrated in Fig.
2, the PFD compares the arrival times of the rising edges of the
frequency divider output Fdiv with those of a low-noise
periodic reference signal Fref. A charge-pump drives the low-
pass loop filter with current pulses whose widths are
proportional to the phase difference between the two signals.
The pulses are filtered by the loop filter and the resulting
waveform drives the VCO by adjusting the Vectrl.
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Fig. 1. A functional block diagram of a fractional-N PLL: It describes the
operation principle of a fractional N-PLL, and the generation of the fractions
y(n) through the use of a delta-sigma modulator in the feedback loop
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Fig. 2. Waveforms of the PLL explaining the circuit operation
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III. CIRCUIT NONLINEARITY AND LINEARITY
ENHANCEMENT TECHNIQUES

Non-ideal circuit behavior and inescapable matching errors
cause strong fractional spurs and quantization noise “fold-in” in
fractional-N PLLs.

A. PFD/CP Nonlinearity

Ideally, for every reference period, the combination of PFD
and charge-pump injects an amount of charge into the RC-loop
filter that is linearly proportional to the difference in phase (or
time) between the PFD’s inputs. Certainly, the existence of
many sources of error results in a nonlinear PFD/CP transfer
characteristic. As shown in Fig. 3a, for small A T, the PFD may
not respond at all resulting in the so-called PFD dead-zone.

The problem of the dead-zone is represented in the PFD
transfer function in Fig. 3b. When the time difference between
these signals is small (the PLL is locked), the first rising edge
(Fref or Fdiv) will set the flip-flop. Due to propagation delays in
the PFD, the second rising edge will reset the flip-flop before the
signal has propagated to the output and the phase difference
between Fref and Fdiv will not appear at the PFD output. Since
the PFD is not able to detect phase differences smaller than ¢dz
(Fig. 3b), the phase at the PLL output varies freely within this
range, results in increased phase noise.

Moreover, the charge-pump might not immediately turn on
fully, even though the PFD does respond. This result in an
effective slope that is smaller than the nominal CP current ICP.
Both of these issues can be alleviated by increasing the delay of
the reset path inside the PFD loop [2]. This allows more time
for the PFD and the charge-pump to respond. Charge-pump
up/down current mismatch is a major contributor of non-
linearity in a AX fractional-N PLL. Conventionally, long-
channel devices are employed to avoid the effect of channel-
length modulation and, consequently, improve current-
matching accuracy. Nevertheless, the channel width must be
scaled proportionally to maintain a low overdrive voltage.
Hence, large transistors are used in the CP. This will occupy
a large area and slow the circuit transient response; moreover
this will require large switch buffers, which can greatly degrade
the noise performance.
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Fig. 3. (a) Sample nonlinear characteristics of the PFD/CP combination,

(b) illustration of the dead zone

The mismatching in transistor size and the finite value of
output impedance of the charge pump (CP), results in different
slope up/down currents (Iup and Idn) for positive and negative
time differences. A nonlinear error charge at every reference
period will appear due to this mismatching. A popular solution

for overcoming this issue, is to use amplifier-based negative
feedback to match currents [3], but this technique is not an
acceptable compromise due to headroom limitations.

Adding a dc offset current to the charge-pump [4], avoids
nonlinearity by operating away from the nonlinear or the center
region, i.e., AT=0. This increases the phase noise contribution
of the charge-pump, which results in an undesirable hard
reference spur. A sampled loop filter is presented in [4], which
contributes to suppressing the reference spur. But this has its
own particular challenges, such as charge injection and clock
Feed-through effects. Another technique for repealing the
reference spurs is to insert a notch filter between the loop filter
and the VCO [2]. However, this approach introduces additional
noise and changes the PLL closed-loop transfer function.

Using a variable-delay element in the PFD reset path is
proposed in [5]. In this approach, to set the locked pulse width
approach to zero, a feedback circuit is used to adjust the delay.
Whereas the feedback of the added circuitry ensures that the
overall PFD delay will be positive, but at the expense of
increasing the size of the resistor in the feedback loop, this will
introduce additional thermal noise, this resulting in phase noise
degradation.

B. PFD/CP Linearization Technique

The design of PFD/CP presents nonlinearity. The
conventional fractional-N PLL operates near a zero phase error
center region while the loop is locked. However, the linearity
near the center is frequently the worst [5]. Several efforts have
addressed, by moving the operation region to a linear part of the
transfer curve. This improves the system linearity. The shifting
principle can be achieved by adding a dc offset current at the
output of the CP [5], which moves the PFD/CP operation point
from the center to a linear region. However, adding another
active circuit at the charge-pump output will directly inject
extra noise to the loop filter and may even alter the loop
characteristics. In this work, a new approach is proposed to
realize the shifting operation, whereby adding a dc current can
be avoided. This is employed inside the PFD circuit rather than
on the charge pump.

In Fig. 4a, an extra delay 1 is added to the up reset path. This
added delay forces the charging current of the charge-pump to
remain “on” for an extra duration t , as shown in the timing
diagram of Fig. 4b. This has the same purpose as adding a gated
offset current to the PFD/CP, whereby, using the use of the
actual current source 1is averted. Therefore, the same
linearization effect as if an offset current were added is realized.
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Fig. 4. PFD/CP linearization technique: (a) Adding a reset delay (t ) to the
charging path, equivalent to as a virtual offset current, (b) timing diagram
indicating the charge added due to t
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This method has one challenge: When the PLL is locked, a
non-zero average phase error between Fref and Fdiv may occur.
This result in increasing the reference spurs. But certainly this
is usually not a great issue, since the reference frequency is
much higher than the PLL bandwidth and the designed high-
order loop filter can suppress the reference spurs.

C. Proposed Charge-Pump Design

In this section, different techniques for improving the
performance of the charge-pump are addressed. Feedback is
employed to improve the mismatching in the charging and
discharging current. Suppression of the output current variation
and transient glitches are the most serious issues in designing
the charge-pump. The Iup/Idn mismatch of the charge-pump is
a major source of fluctuations in the input signal of the VCO,
which results in large phase noise on the PLL output signals.
Traditionally, long-channel devices have been employed to
avoid the effect of channel length modulation and improve
current- matching accuracy [1]. However, the transistor’s width
must be scaled proportionally to keep the overdrive voltage
low. Therefore, large transistors are used in the charge-pump.
Actually, large devices occupy a larger chip area. Moreover,
this slows the circuit transient response and large switch buffers
are needed, which can greatly degrade the circuit noise
performance.

Compare the conventional charge-pump (represented with
transistors Mnl, Mn2, Mpl, and Mp2), with the improved
charge-pump circuit, shown in Fig. 5. Two additional feedback
transistors, Mfn and Mfp, are added. The main idea is to
incorporate a feedback into a small-sized charge-pump. This
will achieve good current matching for area efficiency and
minimizing unwanted transient effect. The operation of the
modified circuit can be explained as follows: When the output
voltage rises, the down current (Idn) increases, whereas the up
current (Iup) decreases, based on the phenomenon of channel-
length modulation. When the voltage increases further, the
transistor Mfn enters the triode region eventually.
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Fig. 5. Schematic diagram of the of the improved version of the conventional
charge-pump circuit

The lowered device on-resistance reduces the amount of
current mirrored to the output down-current branch, hence it

reduces the difference between (Iup) and (Idn). Similarly, if the
charge-pump output voltage decreases, the transistor Mfp
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enters the triode region. The lowered device on-resistance
reduces the current mirrored to the output up-current branch and
improves the Iup/Idn current matching.

In order to suppress the glitches produced in the the charge-
pump, two additional switch transistors (Mn2t and Mp2t)
driven by the inverse of the signal driving the output node
switch transistors are added. The transistors Mn2t and Mp2t
match the size of the transistors of (Mn2 and Mp2). When both
Mn2 and Mn2t stay in saturation region, they have the same
overlap capacitance, Cgd. Thus, the glitches on the discharging
current induced by the switching of the dn and dn cancel out
each other. The same thing happens for glitches produced on
the charging current provided by the pMOS devices (Mnp and
Mnpt). Another advantage of this structure is that when the
output switches (Mp2 and Mn2) are turned off, the currents Tup
and Idn remain constant and are just steered to the other branch.
This means that the voltages at the drain of the switching
transistors stay approximately constant, which minimizing the

charge sharing.
IV. SIMULATION RESULTS AND DISCUSSIONS

Fig. 6a and 6b show respectively, the simulation results of
the charge-pump Iup/Idn output currents without and with the
feedback circuit, employed to suppress the current variation. By
applying the feedback, the Tup/Idn current mismatch is reduced
significantly and the current matching is improved without
employing Op-amp to regulate the currents. It is also noticed
that the variation suppression circuit significantly extends the
range of the output voltage for a given variation tolerance.
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Fig. 6. Simulated output current (a) without feedback circuit and (b) with
feedback circuit
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The phase noise is obtained when the PLL is configured as a
fractional channel. The simulation results, shown in Fig. 7,
reveal that the PLL has a phase noise of -130dBc at IMHz offset
with a carrier frequency of 403 MHz. The plot indicates that the
synthesizer is quite linear; hence, the noise folding has no effect.
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Fig. 7. Measured phase noise at 1 MHz offset from the 403 MHz carrier
frequency

Fig. 8 shows the Monte Carlo analysis of the current
matching characteristics when the output resistance of the
nMOS and pMOS is not identical. The maximum difference of
the Idn current decreases by 20% from the nominal value at 0.2V
output voltage, when the 10% variation in the size of transistors
is introduced to assume the process variation. From Monte Carlo
simulation, and due to the process variation, it has also depicted
that, there is a 2% mismatching between the charging and
discharging currents in the voltage range from 0.2-0.8V.
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Fig. 8. Simulated results of the current matching (down current) characteristics

V. CONCLUSION

The fundamental operation and the current state of the art of
fractional-N PLL-based frequency synthesizer has been
presented with particular emphasis on fractional spur
suppression. A novel charge-pump and a PFD/CP linearization
technique are reported to improve the performance of a
fractional-N PLL. The Iup/Idn current matching has been
improved without using large current source devices.
Furthermore, by simply adding an extra delay in the charging
reset path, the PFD/CP operation is moved to a linear region,
which avoiding the dead-zone and other non-linearity. With a
carrier frequency of 403MHz, the simulated phase noise is
-130dBc at IMHz offset. The design consumes 2.6mW power
from a 1.2V supply.
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