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Abstract—This paper introduces an on-chip current-driven
CMOS parametric frequency divider (PFD) that provides 2:1
frequency division with an output frequency of 2.4 GHz. A
custom input driver stage with a buffer enables to generate the
input current of the PFD core from a digital clock signal or
sinusoidal source, and a band-pass filter (BPF) stage suppresses
undesirable harmonics at the output. Analyses and discussions
of design considerations provide insights into the PFD’s input
driving conditions, filtering characteristics of the output driver,
as well as the effects of the limited quality (Q) factor of
passive components and layout parasitics. A prototype chip was
fabricated in standard 65-nm CMOS technology and tested. The
minimum required supply voltage for the PFD driver is 1.4 V
with an input frequency of 4.8 GHz, whereas the PFD has an
operating frequency range from 4.5 GHz to 5.1 GHz with a
supply voltage of 1.5 V. To the best of the authors’ knowledge, the
proposed PFD is the first on-chip implementation of a current-
driven parametric frequency divider in a standard CMOS process
with sub-6 GHz operation, which demonstrates the feasibility of
on-chip integration into RF systems.

Index Terms—Parametric circuits, current-mode input, RF
frequency divider, on-chip signal generation, parametric filtering.

I. INTRODUCTION

THE growing demand for enhanced performance of de-

vices in the Internet of Things (IoT) has led to explo-

rations of parametric systems to reduce noise levels in nar-

rowband applications. Based on the phenomena of parametric

resonance and excitation [1], circuits such as parametric am-

plifiers [2]–[4] and frequency selective limiters (FSLs) [5], [6]

were first investigated to achieve low-noise amplification and

frequency-selective limiting. In the past decade, applications of

parametric systems in quadrature-phase signal generation [7]

and tunable parametric harmonic generation [8] were reported,

where exceptional noise performance and controllable phase

and/or harmonic frequency tuning were achieved. Applica-

tions in frequency conversions of continuous signals have

also caught the attention of researchers [9]–[12], which have

proven to consume less power compared to transistor-based

mixers due to the extensive utilization of passive devices.

Furthermore, a new technique aiming to reduce phase noise

by utilizing a parametric filter (PFIL) has been reported in

[13]–[15], where the phase noise of a noisy oscillator output

is greatly suppressed by operating the closed-loop system at

special operating points that are close to the Hopf bifurcation

region [14]–[16].
Based on a previously reported PFIL for phase noise reduc-

tion as demonstrated by the measurements with discrete com-

ponents in [15], an envisioned on-chip PFIL system utilizing
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Fig. 1. Envisioned on-chip parametric filter (PFIL) system based on [15],
containing a parametric frequency divider (PFD) to reduce the phase noise of
oscillators or phase-locked loops (PLLs).

2:1 parametric frequency division is displayed in Fig. 1, which

is under development to be integrated into RF CMOS Systems-

on-a-Chip (SoCs) such as [17]–[21]. The envisioned system

consists of five major building blocks: a summer (power

combiner), a parametric frequency divider (PFD) core with

drivers, a band-pass filter (BPF) stage, a frequency doubler

and a phase shifter. The input signal of the closed-loop PFIL

system is internally generated at twice the output frequency

(fin = 2 · fout) through a voltage-controlled oscillator (VCO)

or phase-locked-loop (PLL), which is combined with the

2 · fout signal in the feedback loop. The PFD core with driver

stages provides a 2:1 frequency division and generates an RF

output at fout = fin/2, where the multi-stage drivers are im-

plemented to ensure high-efficiency driving while maintaining

low load capacitance (Cin) at the summer output. The output

signal of the PFD core is filtered by a passive BPF centered at

fout and becomes the PFIL output, while the frequency doubler

and phase shifter in the feedback loop process the PFD output

to reconstruct the 2 · fout signal that is synchronized with the

output of the VCO/PLL (i.e., fin). As one of the most critical

building blocks in a PFIL, several implementations of PFDs

have been reported; however, most of the existing works are

realized with off-chip solutions [22]–[27]. The first on-chip

CMOS PFD was reported in [28] with operation at 20 GHz.

However, when targeting sub-6 GHz operation, the layout

area overhead due to on-chip transmission lines would further

increase the chip area due to longer wavelengths at lower

operating frequencies. Hence, for the system in Fig. 1, it is

desirable to design an on-chip PFD with low input capacitance

(Cin), avoidance of transmission lines, and the ability to drive

the PFD utilizing on-chip digital or sinusoidal signals.

In this work, the first current-driven PFD design is presented

for the sub-6 GHz frequency range, which does not utilize on-

chip transmission lines or matching networks. A current-mode

PFD driver with a clock (CLK) buffer stage was designed,

where the input capacitance of the CLK buffer is minimized



such that it can be driven by a common digital signal or an

on-chip VCO/PLL with sinusoidal-like output signal. A class-

B band-pass filtering (BPF) output stage was implemented to

extract the divided signal directly from the resonator core,

providing the capability to drive subsequent on-chip blocks

while circumventing the load on the PFD core. New PFD

design insights are given through the analyses and discussions

of the current-mode operation, the suppression of the signal at

2 · fout in the class-B BPF output stage, as well as the impact

of the degraded quality factors of the passive devices on the 2:1

frequency division. The experimental results reported in this

paper indicate the feasibility of the proposed PFD to provide

a 2:1 parametric frequency division at 4.8 GHz, and to be

integrated into RF SoCs such as an on-chip closed-loop PFIL

for phase-noise reduction envisioned in Fig. 1.

The remainder of this paper is organized as follows: Sec-

tion II provides a general background on the fundamental

concepts of parametric amplification and frequency division.

Section III describes the design considerations and theoretical

analyses of key building blocks of the CMOS PFD with a

current-mode input. Section IV describes the topology of the

PFD with further implementation-related design considera-

tions. Measurement results of the fabricated PFD are presented

and discussed in Section V. Section VI draws the conclusions.

II. BACKGROUND

A. Fundamentals of Parametric Amplification

Parametric amplifiers are used for low-noise amplification

that relies exclusively on reactive components such as capac-

itors and inductors, leading to a significant improvement of

the noise figure due to the absence of thermal noise from

transistors and resistors. Parametric amplification can be trig-

gered by mixing an RF large-signal (pump) with an RF small-

signal (input) using a nonlinear reactance. Consequently, part

of the pump signal’s power is transferred to the input signal

through the mixing products, generating a gain at the output.

In the simplified embodiment of a parametric amplifier shown

in Fig. 2, the varactor serves as nonlinear reactance and is

modulated by the pump signal. Here, the small input signal and

the pump signal are injected through band-pass filter (BPF)

sections, and the amplified output signal is received through

a BPF that is tuned to the frequency of the desired mixing

product. The BPF sections can be implemented with lumped

components, transmission lines or other devices capable of

resonance. For the case of an up-converter amplifier, the output

BPF is extracting the fLO + fsig component, where fLO is

the pump frequency and fsig is the input signal frequency.

In this case, the maximum achievable parametric gain can be

estimated as follows [29]:

Gain = 1 +
fLO

fsig
(1)

B. Parametric Frequency Division Concepts

A parametric frequency divider (PFD) is a circuit that lever-

ages the nonlinear dynamics of modulated reactances to pas-

sively generate a frequency division. A simplified schematic

Fig. 2. Generalized representation of a parametric amplification circuit.

of a PFD is displayed in Fig. 3, which consists of input and

output BPF sections connected at a common node with a

branch that includes a series combination of an impedance

and a modulated reactance (i.e., the diode’s capacitance in

this case). The input BPF is designed such that it allows the

pump power to be delivered to the diode’s reactance while

blocking any leakage from the output branch. Similarly, the

output BPF is tuned such that it delivers the subharmonically

generated signal to the load while blocking the input (pump)

power from passing directly to the output port.

Given that a pump voltage of Vd · sin(ωt) is resulting across

the varactor-diode, then the modulated varactor-diode capac-

itance can be expressed as C(t) = C0/[1−Vd/φ · sin(ωt)]γ
[23], where C0 is the zero-biased capacitance, γ is the capac-

itance exponent (e.g., � 0.5), and φ is the barrier potential

(� 0.7V). According to [23], the network with the varac-

tor diode can be converted and modeled by a single RLC

resonator tank (Fig. 3), where CT represents the varactor’s

inherent capacitance, LT is the derived parallel equivalent

inductance from ZBPF1||ZBPF2 at ω/2 (where ω = 2πfin),

and RT models the equivalent shunt resistance at the varactor

diode. The negative resistance (RN < 0) resulting from the

pumped varactor diode reaches |RN| = RT as the parametric

oscillation enters the steady state, and the total voltage across

the diode can be approximated using the following equation

from [23]:

Vtot(t) � Vdt · sin(ωt+ π/2) + Vds · sin(ωt/2), (2)

where:

Vdt is the peak steady-state pump voltage,

Vds is the peak subharmonic voltage at the diode.

The peak voltage of the pump signal at steady state

is defined as Vdt = 4φ/(ωC0RTγ), and the peak volt-

Fig. 3. Generalized representation of a parametric frequency divider and its
RLC equivalent circuit model.



age of the subharmonic component at fin/2 is defined as

Vds = [RTV
2
dt|Γin|2/RS]

0.5, where Γin and Rs are the reflec-

tion coefficient and the pump impedance labeled in Fig. 3.

In order for the subharmonic frequency generation to be

activated, the input pump power needs to exceed a certain

value known as the power threshold (Pth). This Pth mainly

depends on the total losses of the filter sections and the diode

according to the following equation from [30]:

Pth =
1

8RS

∣∣∣∣4C
2
0RinRoutω

2
out

Cd

∣∣∣∣
2

(3)

In equation (3), C0 is the zero-bias capacitance, Cd is the

tuning range of the varactor-diode’s capacitance, ωout is the

resonance frequency of the output BPF, RS is the terminal

resistance of the input port, Rin and Rout are the equivalent

resistances of both the input and output BPFs at resonance.

The value of Pth can be optimized to obtain the minimum

possible threshold value for a given PFD circuit as in [30].

Equation (3) provides insights for the selection of the critical

nonlinear components (i.e., varactor diode) as well as the

optimization of the input/output BPFs, such that a low input

pump power can be achieved. A corresponding design strategy

has also been verified in previous works [30], [31].

III. PROPOSED PFD: DESIGN CONSIDERATIONS AND

ANALYSES OF KEY CHARACTERISTICS

The PFD core in this work originates from the classic single-

ended topology, which has been used in several variants with

discrete components [13], [14], [23], [30], [32]. The efficient

realization in CMOS technology required new auxiliary cir-

cuits and design strategies, which are described in this section.

Impedance matching networks are avoided at the direct input

and output of the PFD core to minimize layout area. Instead,

the input driver and output stages are designed for on-chip

transfer of input voltage (converted to current) and output

voltage without 50-Ω terminations. Thus, contrary to our

differential CMOS PFD design assessed through simulations

in [31], the single-ended architecture in this paper does not

include an LC-matching network and is current-driven to ease

on-chip integration. Furthermore, the single-ended architecture

avoids the impact of mismatches associated with differential

driving signals, and consumes half of the die area and driving

power compared to a differential implementation.

As indicated in recent PFD assessments [22], [30], [33],

one of the top priorities during PFD design is to reduce the

minimum input power/voltage (Pth/Vth) that is required to

trigger the parametric frequency division. However, when tran-

sitioning from off-chip to on-chip realizations of parametric

circuits, there are challenges that must be overcome to achieve

operation with low voltage (or current) thresholds, which are

related to three main aspects: 1) large chip area due to on-chip

inductor/capacitor sizes, 2) reduced quality factor (Q) of on-

chip inductors, and 3) layout parasitic resistance due to metal

routing and vias connecting metal layers. Meanwhile, the driv-

ing of parametric systems in published works mainly relied on

high-performance off-chip signal generators [13]–[15], [27],

[28], [34], the use of on-chip transmission lines [8], [28], [35]–

[37], and discrete matching/transformation networks on the

Fig. 4. PFD driving scheme exploration with three different types of input
signals: square wave, sinusoidal wave, and the actual voltage waveform
created by the PFD input driver in this work.

TABLE I
COMPONENT PARAMETERS OF THE PFD CORE (FIG. 4)

Inductor Values Capacitor Values
L1 2.65 nH C1 1.82 pF
L2 0.954 nH C2 1.12 pF
L3 2.59 nH C∗

3 1.14 pF

C∗
3 : capacitance of the P-type diode with zero bias at 2.4 GHz.

test board [32], [33], [38], [39]; which create design barriers

for on-chip integration into SoCs. Hence, a more area- and

power-efficient approach with minimal hardware resources is

required to accomplish the integration of PFDs within SoCs

such as the on-chip phase noise reduction system in Fig. 1.

Fig. 4 displays the schematic of a classic single-ended

PFD [30]–[32] within a preliminary simulation test bench to

study the frequency division efficacy. An ideal RF source is

connected to the input of the PFD, while the output is buffered

using a macro-modeled output driver with negligible input

impedance at the core node (i.e., PFDOUT). The single-ended

PFD core consists of three major resonant tanks: Z1, Z2 and

Z3, which are designed to get as close as possible to the

following desired resonance conditions (derived in [30]) such

that the 2:1 frequency division can be triggered with minimum

RF power: (1) Z1 → ∞ at fout, (2) Z2 → ∞ at fin, (3)

Z1 + Z3 → 0 at fin, and (4) Z2 + Z3 → 0 at fout. The selection

of the varactor diode (C3) and the corresponding optimization

of the PFD core follow the same strategy as we outlined in

[31], where it was found that a zero DC bias on the varactor

diode will result in a minimum voltage threshold (Vth) in

this process (i.e., 65-nm CMOS). A DC blocking capacitor

(Cdc1) is located at the PFD input, which isolates the driving

stage (VS) from the DC ground formed by L1 and L2. The

component parameters of the PFD core (Z1 ∼ Z3) are listed

in Table I. Considering area constraints in addition to limited

Qs of on-chip inductors, we propose to drive the PFD without

implementing an on-chip input matching network. However,

since the input impedance of the PFD is relatively low at the

input frequency (fin) [30], [31], considerable amount of current

can be drawn from the previous stage (i.e., IIN drawn from

VS) given the same voltage threshold (i.e., VIN,th). Therefore,

an evaluation of the PFD input characteristics is required in

advance of designing the input driving stage. Furthermore,

the equivalent input capacitance of the PFD drivers (i.e., Cin

in Fig. 1) should be minimized. The proof-of-concept PFD

was designed to operate at fin = 4.8 GHz with an output

of fout = 2.4 GHz in consideration of the abundant wireless

standards around 2.4 GHz.



A. Current-mode PFD Driver with Inverter-based CLK Buffer

To evaluate the minimum required current to trigger the

2:1 frequency division (i.e., IIN,th), we swept the input root-

mean-square (RMS) current of the PFD (IIN) by adjusting the

ideal input voltage amplitude (VIN) generated by VS in Fig. 4.

Both, square and sinusoidal, waveforms were tested as ideal

driving signals to assess which driving conditions are more

advantageous, where the square wave models the output of

an ideal digital logic gate while the sinusoidal wave mimics

a flawless output of a linear analog/RF stage (which would

consume excessive power to meet linearity requirements). The

corresponding simulation results are displayed in Fig. 5, where

the PFD output voltage (VOUT) at fout = 2.4 GHz is plotted

against the RMS input current (IIN) of the PFD. The −60 dBV
(1 mV) level is defined as the minimum detectable voltage

level considering the signal-to-noise ratio (SNR) of the system

in the presence of thermal/system noise. Correspondingly, the

minimum RMS current that results in VOUT > −60 dBV is

defined as the low current threshold (IIN,th) of the PFD. Note

that the 2:1 frequency division can also cease at a high current

limit due to the altered effective capacitance of the varactor

diode (C3,eff.) in the presence of large voltage swings across

it. As can be seen in Fig. 5, the PFD driven by the ideal

square wave has a 5.2 mA higher IIN,th value compared to

the ideal sine wave, which is expected due to the unutilized

power contents at multiple harmonics at frequencies other than

fin = 4.8 GHz. Hence, we can conclude that it is preferred to

drive the PFD core with a pure sinusoidal signal that has high

linearity.

However, designing a linear RF input driver stage that

creates a sinusoidal output with an RMS current of 8.2 mA

(Fig. 5) is not trivial with regards to linearity, bandwidth,

on-chip biasing requirements; and would lead to significant

power and area overhead compared to a driver that relies

on switching operations. Therefore, instead of driving the

PFD core with a linear stage such as a wide bandwidth

power-hungry operational transconductance amplifier (OTA),

we generate the required current (IIN,th,RMS) by periodically

switching the PFD input terminal between ground and a local

DC voltage at fswitching = fin. Fig. 6 displays the proposed

PFD driver with an inverter-based clock signal (CLK) buffer

Fig. 5. Simulated PFD output voltage amplitude at fout = 2.4 GHz vs. RMS
input current with three different types of input signals as illustrated in Fig. 4.

Fig. 6. PFD driver with inverter-based CLK buffer stage, which can be driven
by either a square wave or a sinusoidal wave input signal.

TABLE II
COMPONENT PARAMETERS OF THE PROPOSED

PFD DRIVER (FIG. 6)

Transistor Dimensions
M1 50 μm / 0.065μm
M2 10 μm / 0.065μm

stage. VDCIN is the local DC supply that is regulated and

can be adjusted off-chip in this prototype. Transistors M1 and

M2 alternately connect the PFD input to VDCIN and ground,

respectively. Both transistors share the common gate-control

signal (VG) and switch between the cutoff and linear regions

to deliver currents. When VG is low, then M1 is turned on and

the PFD core (i.e., Z1 ∼ Z3) is directly charged by VDCIN. On

the other hand, the core will be discharged through M2 when

VG is high. A DC blocking capacitor ensures that the input

signal of the PFD core has a zero DC offset with time-varying

voltage and current amplitudes of vin and iin, respectively.

The switching transistors M1 and M2 are sized to minimize

their resistance (Ron) when turned on. On the other hand, the

potential impacts due to parasitic gate and drain capacitances

of M1 and M2 were considered during transistor sizing, such

that the output impedance of the driver (particularly due to the

total parasitic capacitance) does not jeopardize the parametric

resonance conditions, which ensures that the current threshold

(IIN,th) remains at a minimum.

The component parameters of M1 and M2 are included

in Table II, where Ron,1 = 6.9 Ω and Ron,2 = 5.9 Ω were

obtained through simulation. The equivalent output impedance

of the PFD driver (i.e., M1 and M2) at fin = 4.8 GHz is

19.58 + j3.88 Ω, which was obtained through load-pull anal-

ysis. The simulated input impedance of the PFD core (Fig. 4)

at fin = 4.8 GHz is 39 + j9.5 Ω. The VOUT versus IIN,RMS

curve of the PFD core driven by the proposed driver (Fig. 6) is

plotted in Fig. 5 alongside those from simulations with ideal

sine and square waves, where a IIN,th of 8.7 mA is obtained.

Since the current flow through the on-resistances of M1 and

M2 into the PFD core at resonance creates a sinusoidal-

like voltage waveform, the proposed PFD driver presents a

significant amount of reduction in RMS current compared to

driving the PFD with an ideal square wave. The corresponding

VDCIN value is defined as the minimum required voltage

threshold (i.e., VDCIN,th) that delivers IIN,th,RMS = 8.7 mA
to the input of the PFD core. Simulations have confirmed that

the input of the CLK buffer stage can be driven by either a rail-

to-rail square wave or a rail-to-rail sinusoidal wave with a DC

offset of VDCIN/2 (Fig. 6), both of which have a negligible



difference (≤ 0.1 mA) with regards to their IIN,th,RMS values.

A 4-stage inverter-based CLK buffer was designed to

drive the gate of M1 and M2 (Fig. 6). The minimum

width and length allowed in this process were selected for

the NMOS/PMOS in the first stage (here, WP = 200 nm,

WN = 120 nm, L = 65 nm) such that the input capacitance

(Cin) of the CLK buffer presents negligible loading on the

previous stage. A W/L ratio scaling factor of s ≈ 4 is applied

to each stage of the inverters in the chain within the CLK

buffer, which ensures the driving capability between stages

as well as to generate the control gate (VG) for M1 and M2.

Thanks to the LC resonant tank at the PFD input (Z1 in Fig. 4),

the 3rd-harmonic (HD3) of vin generated with the proposed

PFD driver with the abovementioned 4-stage CLK buffer is 32

dB in post-layout simulation, where the DC blocking capacitor

and PFD core are included as output load.

B. Design of a Class-B Band-pass Filtering Output Stage

The analysis and supporting simulations in this subsection

focus on the suppression of undesired harmonic components in

order to provide insights into the design of band-pass filtering

stages within PFDs. To suppress undesired signal components

at the PFD output such as the residual component at fin and

other harmonics, and to maintain decent isolation with minimal

power consumption, a class-B band-pass filtering (BPF) output

stage was designed to extract the desired output frequency

component directly from the PFD core (Fig. 7). A gate-to-

ground bias resistor (Rbias) ensures that the NMOS transistor

(M3) remains off when there is no signal at its input. M3 is

sized to minimize the potential loading on the previous stage

(i.e., PFD core) due to the gate capacitance. Alongside layout

area considerations, the L and C values are selected following

equation (4) such that the resonant frequency (f0) is centered

at fout for optimal filtering. Table III provides the component

parameters of the class-B BPF output stage design. Assuming

an ideal LC tank with high quality (Q) factor that is close to

infinity, the bandwidth (BW) of the tank is minimized such that

the output harmonics at frequencies other than f0 are greatly

suppressed.

ZLC(jω) = ZL||ZC =
jω

1− ω2LC
, ω0 =

√
1

LC
(4)

However, the Q factors of on-chip inductors and capacitors

are limited and further reduced by parasitic resistances due to

Fig. 7. Class-B BPF output stage with an inductor-capacitor (LC) tank in
which passives are modeled with finite quality factors.

TABLE III
COMPONENT PARAMETERS OF THE PROPOSED

CLASS-B BPF OUTPUT STAGE (FIG. 7)

Component Values
M3 50 μm / 0.5 μm
L 1.1 nH
C 4 pF

Rbias 10 kΩ
VDD1 0.6 V

metal routing and contacts at device terminals. For this reason,

finite QL and QC were defined using the parallel equivalent

models as in [40], where Rp,L = QL · ωL, Rp,C = QC/(ωC),
and the equivalent impedance of the LC tank can be obtained

as Zeq = jωL|| 1

jωC
||Rp,L||Rp,C (Fig. 7):

Zeq(jω) =
QLQCωL

QLω2LC +QC + jQLQC(ω2LC − 1)
(5)

Fig. 8 displays the frequency responses of the load LC tank

obtained from 1) calculation in MATLAB using equation (5),

and 2) post-layout simulation in Cadence. The calculated 3-dB

bandwidth (BW) of the LC tank is 130 MHz, ranging from

2.337 GHz to 2.467 GHz; while the simulated tank has a BW

of 118 MHz, ranging from 2.342 GHz to 2.46 GHz. Both |Zeq|
values peak at f0 = 2.4 GHz, while the simulated |Zeq|max is

0.8 dB higher than the calculated value in MATLAB, which

is reasonably close for estimations during the early design

process.

The small-signal output voltage (vout) of the class-B BPF

stage can be expressed as vout = ids · Zeq, where ids represents

the small-signal drain current that flows into the LC tank.

Consequently, a suppression factor (F) can be defined to

evaluate the band-pass filtering effect of the load LC tank

for the reduction of the undesired input frequency component

relative to the desired output component, where

F =

∣∣∣∣vout(jωout)

vout(jωin)

∣∣∣∣ =
∣∣∣∣Zeq(jωout)

Zeq(jωin)

∣∣∣∣ (6)

The complete expression of F can be obtained by substituting

ω = ω0, 2ω0 while using equations (4) and (5) for the evalu-

ations and rearrangements within equation (6):

F =

∣∣∣∣4QL +QC + j3QLQC

2(QL +QC)

∣∣∣∣ (7)

Fig. 8. Frequency responses of the load LC tank (in the class-B BPF stage)
obtained from post-layout simulation and calculation based on equation (5).



Fig. 9. Analytically calculated suppression factor F (in dB) considering finite
quality factors due to parasitic resistance in the LC tank.

From the above equation, it can be observed that F is inde-

pendent of L and C values but strongly relies on the Qs of the

passive devices. The F versus QL and QC relationship [i.e.,

equation (7)] is illustrated in Fig. 9 using a contour map. QL

and QC in the proposed class-B BPF driver are 19.23 and

431.7, respectively, which were extracted through post-layout

simulations. These values correspond to an F factor of 28.91

dB as labeled in Fig. 9. On the other hand, an F value of 29.89

dB was obtained in post-layout simulations, where the small

differences are due to the more complex and specific device

models from the process design kit as well as impacts from

the transistor parasitics.

C. Impact from Parasitic Resistances of the Series Diode-
Inductor Connection in the PFD Core

Compared to the LC resonators with a metal-insulator-

metal (MIM) capacitor and an inductor, the diode-inductor

connection (i.e., C3-L3 as in Fig. 4) within the PFD core is

more susceptible to parasitic resistances due to routing and via

contacts between the high-level metal and diffusion layers,

especially when the inductor is constructed with top-level

metal. Following the series equivalent models in [40], ideal

resistors that model parasitic resistance due to layout routing

are included in-series with L3 and C3 (i.e., Rr,pdio and Rr,L

as in Fig. 10) to assess the impact of parasitic resistances on

parametric frequency division. Note that Rs,L represents the

inherent series resistance of the foundry-supplied model of

inductor L3, whereas that of the P-type diode selected in this

work is negligible (i.e., Rs,pdio ≈ 0).

Fig. 10 displays the simulated output voltage (in dBV)

observed at 2.4 GHz in the presence of varying Rr,pdio and

Rr,L values, where the PFD core and input/output driver stages

are designed to ensure an optimal 2:1 frequency division

with fin = 4.8 GHz. As mentioned in Section III-A, since

the minimum detectable output voltage at 2.4 GHz (i.e.,

fout = fin/2) is assumed to be −60 dBV here, it can be

observed that the parametric frequency division will cease

when Rr,pdio +Rr,L > 0.8 Ω. Considering that lower Q fac-

tors due to layout parasitic resistances will lead to higher Vth

Fig. 10. Simulated output voltage (in dBV) at fout = 2.4 GHz when series
parasitic resistances within Z3 are considered: Rr,pdio and Rr,L are the series
parasitic routing/contact resistance of the P-type diode and inductor; and Rs,L

is the inherent series parasitic resistance within the inductor.

TABLE IV
EXTRACTED PARASITIC RESISTANCE

AND Q FACTOR OF Z3

L3 C3

Q 16.42 404.3
R∗

r 0.043 Ω 0.048 Ω

*Rr: series parasitic resistance due to metal routing and via contacts.

requirements to trigger the parametric frequency division [30],

three particular layout design approaches were utilized for Z3,

such that the extracted parasitic resistance can be minimized

as evaluated with post-layout simulations: 1) the diffusion

area of the diode’s cathode was expanded through layout

customization to accommodate a larger via stack that connects

the top-level metal to the bottom diffusion region (to minimize

Rr,pdio), 2) multiple metal connections were added to the same

layout node using top-level metal such that the equivalent

contact resistance (Rr,pdio) is reduced through parallel routing

connections, and 3) maximum path width was used to connect

C3 and L3 on the thicker top-level metal with lower resistivity

such that Rr,L is minimized. With the above-mentioned strate-

gies, the extracted quality factors and corresponding series-

parasitic resistances due to routing/via contacts can be curbed

at Rr,L = 0.043 Ω and Rr,pdio = 0.048 Ω, which are listed in

Table IV. Furthermore, post-layout simulations have confirmed

that Rr,dio can be reduced from 13.165 Ω to 0.048 Ω through

layout customization, which ensures unimpaired frequency

division after layout. Note that the output voltages in Fig. 10

were obtained with the complete PFD circuit, including the

input/output drivers, which will be discussed in Section IV.

Alongside layout customizations to minimize parasitic resis-

tances, a P-type diode was selected as the varactor diode (C3)

in this work. This has the benefit of allowing separate bulk

connections in the layout (i.e., individual P-substrate within

an N-well instead of a shared P-substrate with all NMOS

devices), with which the PFD core having a 2.4 GHz output

can be better isolated from the input driver chain that operates

at 4.8 GHz.



TABLE V
COMPARISON WITH PREVIOUSLY REPORTED PFDS ON PCBS

Ref.
fin

(GHz)
PIN

(dBm)*
IIN,RMS

(mA)**
Input

TERM.
Lmax

(nH)
Cmax

(pF)
[13]a 0.227 9 12.6 50-Ω 135 2.6
[14]a 0.227 10.5 14.98 50-Ω 135 2.6
[26]a 0.65 6 8.92 50-Ω 46 16

[27]b 2 −16 0.71 50-Ω n/a n/a
[30]a 0.2 −15 0.79 50-Ω 742.5 6.6
[41]a 0.85 4 7.08 50-Ω 56 4.7

This† 4.8 n/a 8.7 High-Z 2.65 1.82
a Implemented on a PCB b Implemented using microstrip
† CMOS implementation n/a: not applicable or not reported

∗ Power level that appears at the input of the passive PFD core.
∗∗ Calculated RMS current at the PFD input based on the termination
impedance.

D. Comparison of CMOS and PCB-level PFD Characteristics

The simulated specifications of this work are compared to

other reported PFDs with discrete components in Table V. The

RMS input current (IIN,RMS) was calculated with the reported

input power PIN (dBm) and termination impedance, which

in our case was extracted through simulations as discussed

in Section III-A (Fig. 5). The maximum inductance (Lmax)

and capacitance (Cmax) values utilized in each work are listed

because the size of the inductors and capacitors is of practical

relevance, particularly for on-chip implementations. Please

note that PIN in Table V represents the actual input power that

is delivered to the passive PFD core, which is not applicable

in our case because the proposed PFD core is driven by the

custom-designed current-mode driver (Section III-A ) instead

of off-chip RF signal sources. Hence, IIN,RMS is included

alongside PIN for comparison.

Based on the summarized parameters in Table V, it can

be observed that PFDs with microstrips [27] and off-the-shelf

components ([13], [14], [26], [30], [41]) tend to be more

suitable for operation at lower frequencies due to board-level

parasitics. On the other hand, the CMOS PFD in this work

allows to realize parametric frequency division with a 4.8 GHz

input, as well as to balance the trade-off between operating

frequency and chip area with relatively low inductor values.

Furthermore, the relatively high input impedance of the PFD

driver (Fig. 6) was designed to be capacitive (i.e., parasitic

capacitance from transistor gates), such that it can be driven

by either a square wave (e.g., common digital signal) or a

sinusoidal wave input (e.g., on-chip VCO output) on the chip

instead of relying on high-performance off-chip signal sources

with 50-Ω termination.

IV. CMOS PFD IMPLEMENTATION ASPECTS

The complete schematic of the proposed on-chip PFD is

displayed in Fig. 11, where the three key building blocks

discussed Section III are cascaded in a chain: a current-driven

PFD input driver with an inverter-based CLK buffer stage,

a passive PFD core consisting of three LC resonators (i.e.,

Z1 ∼ Z3), and a class-B band-pass filtering (BPF) output stage

with a center frequency of 2.4 GHz. Considering the high

target operating frequency (i.e, fin = 4.8 GHz), RG = 50 Ω
and CG = 20.2 pF were added to the input stage of the

CLK buffer to provide 50-Ω input impedance, which allows

TABLE VI
COMPONENT PARAMETERS OF

DC BLOCKING CAPACITORS (FIG. 11)

Component Values Dimensions
Cdc1 1.01 pF 22 μm× 22.5 μm
Cdc2 10.2 pF 71 μm× 71 μm
Cdc3 5.02 pF 50 μm× 50 μm
Cdc4 1.01 pF 22 μm× 22.5 μm

TABLE VII
COMPONENT PARAMETERS OF THE COMMON-SOURCE (CS) OUTPUT

DRIVER FOR OFF-CHIP TESTING NEEDS (FIG. 11)

Component Values
M4 70 μm / 0.13 μm
M5 20 μm / 0.12 μm
RF 500 Ω

VDD2 1.2 V

direct terminations with standard off-chip equipment that has

50-Ω ports. During measurements of the prototype chip, an

RF signal generator was used alongside a passive bias-tee to

generate the input signal for the CLK buffer. Within an SoC,

the digital inverters in the CLK buffer can either be driven with

an on-chip digital signal or a large-swing VCO/PLL output

signal. Note that the DC level of the CLK buffer input (VCLK

in Fig. 11) is VDCIN/2 such that the duty cycle of the CLK

signal is 50%.

Simulations were also conducted to confirm the robustness

of the PFD with different input signal conditions. When driven

by a rail-to-rail sinusoidal wave with a passive DC bias-

tee (i.e., as in Fig. 11), the input DC level must remain

within 0.38 V ∼ 0.77 V to maintain the parametric frequency

division with stable output amplitude. On the other hand, a

duty cycle range of 38%∼67% is required if the input stage is

driven directly by a rail-to-rail square wave (e.g., from a digital

CMOS logic gate). Both cases were evaluated under nominal

operating conditions (i.e., fin = 4.8 GHz, VDCIN = 1.2 V,

room temperature, typical process corner).

DC-blocking capacitors were inserted in the signal paths

(i.e., Cdc1 to Cdc4) to eliminate the undesired current paths

from voltage supplies to ground and to ease the biasing of

individual stages. L2 and L3 provide the zero DC-bias for the

varactor-diode (C3) as mentioned in Section III, which has

been shown to be optimal to achieve minimum Vth for the

triggering of the 2:1 frequency division [30], [31]. The cutoff

frequency of the high-pass filter formed by Rbias and Cdc2

is 1.6 MHz, which presents negligible attenuation to the fre-

quency of interests (here, fin = 4.8 GHz and fout = 2.4 GHz).

Table VI lists the dimensions and capacitance values of all

DC blocking MIM capacitors. Simulations have confirmed

that Cdc1 was sized to assure an optimum PFD operation

at a 2.4 GHz output frequency. The total loss due to the

insertions of Cdc2 ∼ Cdc4 as well as layout parasitic capac-

itances/resistances is negligible (≤ 0.1 dB) based on post-

layout simulations.

A self-biased complementary common-source (CS) ampli-

fier was added at the output only to drive the 50-Ω off-chip

load for testing purposes (i.e., VTEST). Hence, the actual load

at the PFD output (i.e., VOUT) comes from the equivalent

input impedance of the CS output driver. Table VII summarizes

the component parameters of the CS output driver. Note that



Fig. 11. Schematic of the proposed current-driven PFD designed for 2.4 GHz output frequency, consisting of a current-mode PFD input driver with an
inverter-based CLK buffer stage, a completely passive PFD core, a class-B BPF output stage with a center frequency of 2.4 GHz, and a complementary
common-source (CS) output driver (only required for off-chip measurements).

the DC voltage of the PFD input driver (VDCIN) and the clock

input (VCLK) are both adjustable on the printed circuit board

(PCB) for this prototype in order to investigate the optimal

operating points for the evaluation of parametric frequency

division, as discussed in Section V.

The performance of the PFD was evaluated in the presence

of process-voltage-temperature (PVT) variations, where we

selected three process corners [SS, TT, FF] and three temper-

ature corners [−40◦C, 27◦C, 85◦C] to assess the impacts of

nine process-temperature (P-T) combinations on PFD charac-

teristics including the center of the operating frequency range

(fout) and the current threshold (IIN,th,RMS). The simulated

PFD center frequency (fout = fin/2) varies from 4.4 GHz to

5.2 GHz, whereas all P-T corners provide a decent output volt-

age at fin/2 (i.e., ≥ −26 dBV). Correspondingly, the current

threshold (IIN,th,RMS) varies from 6.21 mA to 9.98 mA. Fur-

thermore, simulations with supply voltage variations (VDD1

and VDD2) were conducted at the nominal corner [TT, 27◦C],

in which both supply voltages were varied by ±5% based on

their nominal values (i.e., VDD1 = 0.57 V, 0.6 V, 0.63 V;

VDD2 = 1.14 V, 1.2 V, 1.26 V). In the presence of sim-

ulated supply voltage variations for VDD1 and VDD2, the

VOUT value at fout = 2.4 GHz varies from −18.23 dBV to

−16.22 dBV.

Following the same layout optimization strategy as dis-

cussed in Section III-C, individual ground connections and

layout pads were assigned to the input driver, PFD core,

and output driver; which helps enhance the isolation among

the input stages, resonating core, and output stage. Note that

this design process did not involve electromagnetic (EM)

simulations. Standard foundry-supplied device models were

used for active and passive devices during circuit simulations,

parasitic extractions and post-layout simulations with Cadence

tools.

V. MEASUREMENT RESULTS AND DISCUSSION

A prototype PFD chip was fabricated in a standard 65-

nm CMOS process. Fig. 12 displays the micrograph of this

PFD, where Z1, Z2 and Z3 of the PFD core, as well as the

resonant LC tank of the class-B BPF output stage (Fig. 11), are

placed in a concentric circle for efficient layout area use. The

Fig. 12. Micrograph of the fabricated PFD die with the circuits in Fig. 11.

Fig. 13. Measurement setup for the prototype chip characterization.

input/output drivers are placed in the periphery of the inductors

to shorten the signal paths. Multiple ground pads are connected

to the inductor bulks and PFD ground pins to reduce the effec-

tive inductance due to bonding and to evenly distribute on-chip

current flows to low-impedance ground. The active area of the

complete PFD is 0.99 × 0.91 mm2, excluding bonding pads

and electrostatic discharge (ESD) protection devices, whereas

the complete prototype chip occupies 1.5× 1 mm2.

The measurement setup to test the prototype PFD chip is

displayed in Fig. 13, where the test equipment is arranged to

evaluate: (1) the PFD output spectra and phase noise, and (2)



Fig. 14. Measured output spectra of the PFD operating at fin = 4.8 GHz with a driver supply voltage of (a) VDCIN = 1.3 V (< VDCIN,th), (b) VDCIN

= 1.4 V (≈ VDCIN,th), and (c) VDCIN = 1.5 V (> VDCIN,th), respectively.

the transient waveforms of the PFD output under different

operating conditions (i.e., when PFD is dividing and not

dividing). Note that only one of the instruments is connected

to the PFD output during each measurement (i.e., either the

N9010A signal analyzer or the DSO80804A oscilloscope). As

illustrated in Fig. 13, the sinusoidal input signal of the PFD

was generated with an N5173B signal source with zero DC

offset. The gate bias of the digital CLK buffer in Fig. 11 is

provided by a DC power supply (E3631A) through a passive

off-chip bias-tee (ZX85-12G+). The second DC power supply

(72-8335A) provides the supply voltages for the off-chip

voltage regulators on the printed circuit board (PCB), such

that VDCIN, VDD1 and VDD2 in Fig. 11 are well-regulated.

Fig. 14 displays the measured output spectra of the PFD

operating at fin = 4.8 GHz, where the supply voltage of the

PFD driver (VDCIN in Fig. 6 and Fig. 11) was swept to

locate the voltage threshold (VDCIN,th) that triggers the 2:1

frequency division. It can be observed that the parametric

frequency is triggered when VDCIN ≈ 1.4 V [Fig. 14 (b)],

where three frequency components including fin/2, fin and

3 · fin/2 (here, 2.4 GHz, 4.8 GHz and 7.2 GHz, respec-

tively) stand out alongside multiple harmonic components of

N · fin/4 (N = 1, 3, 5, 7). When VDCIN is increased to 1.5

V, the power difference between fin and fin/2 is maximized

under this test condition, whereas the N · fin/4 components

(N = 1, 3, 5, 7) are completely suppressed. Therefore, we

can conclude that the presented PFD has an inherently low

threshold of VDCIN,th = 1.4 V at fin = 4.8 GHz, while the

optimum operating point is VDCIN = 1.5 V, where a power

difference of 13.74 dB is achieved between fin and fout. The

corresponding CS driver output power (Pout) at 2.4 GHz is

−14.55 dBm, as labeled in Fig. 14 (c). The 3rd harmonic

distortion (HD3) of the PFD output (at 3 · fout = 7.2 GHz)

is 27.6 dB lower than the fundamental output frequency

component. Note that the power at fin = 4.8 GHz includes the

feed-through due to the package/board parasitics on the test

PCB. Despite of the feed-trough component of −28.29 dBm
at 4.8 GHz [Fig. 14 (c)], the obtained PFD output shows negli-

gible deviations at its zero-crossing points in the time domain,

which was also confirmed by simulating the complete PFD

(a)

(b)

Fig. 15. Measured PFD output power at fout = fin/2 when sweeping the
input clock frequency (fin) alongside a varying supply voltage of the PFD
input stage (VDCIN in Fig. 11): (a) 3D-view and (b) contour map.

(with bonding pads and ESD protections devices) and com-

paring the simulated zero-crossing value to an ideal 2.4 GHz

signal with and without modeled input-output feed-trough at

4.8 GHz. The transient measurement results reported at the end

of this section provide further confirmation. Meanwhile, the

measured power consumption at the optimum operating point

is 9.1 mW, which includes the 400 μW that is consumed by

the class-B BPF stage with a 0.6 V supply (Fig. 7, Table III).

To explore the full-scale operating range of the fabricated



Fig. 16. Measured output power (Pout) at fout = fin/2 versus input frequency
(fin), where VDCIN = 1.5 V.

PFD, both input frequency (fin) and driver supply (VDCIN)

were swept over a wide range: fin was swept from 4.45 GHz

to 5.8 GHz, while VDCIN was swept from 1.2 V to 2.2 V. The

power level of the PFD output at fout = fin/2 was measured

with a spectrum analyzer and used to construct the power map

in the presence of varying fin and VDCIN. The resulting 3-

dimensional (3D) power map and contour map are displayed

in Fig. 15 (a) and (b) respectively, from which we can observe

that the PFD output power at fin/2 is at a significantly higher

level when the 2:1 frequency is triggered. It can be noticed that

the minimum required DC supply of the PFD (i.e., VDCIN,th)

and corresponding input RMS current (referred to as IIN,th in

Section III-A) are proportional to the square of the PFD input

frequency (fin)
2, which agrees with the analytical quadratic

relationship between Vth and fin derived in [30]. An operating

bandwidth of around 600 MHz is also observed over half of

the VDCIN range as in Fig.15 (b). fin = 4.8 GHz is labeled

in both Fig. 15 (a) and (b) as the frequency-by-design, where

the lowest VDCIN,th can be obtained at (VDCIN ≈ 1.4 V,

fin = 4.8 GHz).

Fig. 16 displays the measured operating frequency range

of the PFD when 1.5 V of VDCIN is applied to the in-

put stage, where the PFD output power at fin/2 is plotted

against fin. An average output power of −15 dBm can be

observed between fin = 4.525 GHz and fin = 5.1 GHz, which

represents an operating bandwidth of 575 MHz. The center

operating frequency of the PFD with VDCIN = 1.5 V is 4.8

GHz, where the output power at fout = 2.4 GHz is −14.55
dBm. Fig. 17 shows the measured operating voltage range

of the PFD at fout = 2.4 GHz, where the voltage threshold of

VDCIN,th ≈ 1.4 V can be observed. The PFD operates within

a range of DC voltages (VDCIN) for the input driver in Fig. 11.

During characterization measurements, VDCIN was increased

from 1.2 V (no division) until a clear parametric frequency

division is visible at VDCIN ≈ 1.4 V, which implies that

the PFD driver shown in Fig. 11 is delivering the minimum

required input RMS current (IIN,th,RMS) to the PFD core

with VDCIN = 1.4 V. Note that the corresponding VDCIN,th

range also varies at different input frequencies as illustrated

in Fig. 15. The PFD stops dividing at VDCIN ≈ 1.9 V with

fin = 4.8 GHz as a result of the altered effective capacitance

of the varactor diode (C3) in the PFD core (Fig. 11) due to

Fig. 17. Measured output power (Pout) at fout = 2.4 GHz versus local DC
supply voltage (VDCIN) of the PFD input driver.

Fig. 18. Measured PFD output phase noise compared to the phase noise of
the RF signal generator with –14.55 dBm signal power.

the large voltage swing across the varactor.

The phase noise of the PFD output was measured over an

offset frequency range of 1 kHz∼1 MHz, which is displayed in

Fig. 18. With fin = 4.8 GHz as the operating frequency by de-

sign, the carrier frequency during the phase noise measurement

was set to the 2.4 GHz output frequency. For comparison, the

phase noise curves of the RF signal generator at both 4.8 GHz

and 2.4 GHz with the same power level as the PFD output

(i.e., −14.55 dBm) are plotted alongside that of the PFD

output. The expected phase noise reduction through frequency

division can be observed when comparing the results at the

two frequencies. Furthermore, the small phase noise difference

between the PFD output and RF source signal at the same

frequency of interest (i.e., 2.4 GHz) demonstrates that the

phase noise contribution due to active devices (i.e, transistors)

in the proposed PFD is negligible, which is particularly helpful

for the primary target application (Fig. 1) such that the

closed-loop system can lead to overall phase noise reduction

[13]–[15]. The phase noise of the PFD output shows slight

improvement at high offset frequencies (0.3 MHz to 1 MHz)

due to the inherent filtering of passive LC resonators.

The transient waveforms of the fabricated PFD were cap-

tured using a high-frequency oscilloscope (DSO80804B).

Two output conditions of the PFD are displayed in Fig. 19

with the peaks and periods labeled: 1) fin = 4.8 GHz,

VDCIN = 1.5 V, where the 2:1 frequency division is trig-

gered; 2) fin = 4.8 GHz, VDCIN = 1.3 V, where the PFD is



TABLE VIII
COMPARISON WITH OTHER REPORTED ON-CHIP FREQUENCY DIVIDERS

Ref. Division
Ratio

CMOS
Process (nm)

fin (GHz) Area (mm2) Pin (dBm) Power (mW) VDD (V) Power Eff. (GHz/mW)

[28] 2 130 18.5 - 23.5 0.24 n/a 9.6 (buffer) 1.2 1.93 - 2.45
[42] 3 180 4.39 - 8.82 1.035 0 6.76 0.9 0.64 - 1.3
[43] 2 180 1.82 - 2.04 0.65 0 4.5 0.75 0.4 - 0.453

[44]a 2 65 0.1 - 5.3 n/a 0 0.55 1 0.18 - 9.63
[45] 2 180 5.65 - 11.89 0.66 0 2.57 0.6 2.2 - 4.63

[46]b 3 65 14.85 0.09 n/a 1.56 1.2 9.52
[47] 2 130 5 0.001 n/a 0.47 1.2 10.64
[48] 3 180 1 - 3.0 0.1 3 12.6 (core) 1.8 0.08 - 0.24
[49] 2 180 5.8 0.002 0 3.24 1.8 1.79
This

Work 2 65 4.8 0.81 0 8.7 (driver) +
0.4 (buffer) 1.4∗ 0.53

a post-layout simulation b simulation n/a: not applicable or not reported
* Minimum required VDCIN for the PFD input driver, whereas the VDD of the BPF buffer and test output driver are 0.6 V and 1.2 V respectively.

Fig. 19. Measured transient PFD output waveforms when dividing / not
dividing with fin = 4.8 GHz.

not dividing. The average value of the measured zero-crossing

in Fig. 19 (when the PFD is dividing) deviates from the ideal

zero-crossing instant by 0.4 ps, which is approximately 0.1%

shift of the nominal period of the 2.4 GHz signal. Therefore,

the slight deviations in the measured PFD output still allow

sufficient capability in applications such as local oscillator

signal generation for hard-switching mixers or clock signal

generation based on zero crossings.

Table VIII summarizes the measured parameters of the pro-

posed PFD alongside other reported CMOS frequency dividers

(measurement results unless mentioned otherwise). Compared

to injection-locked frequency dividers (ILFDs) [42]–[47] and

digital frequency dividers ([48], [49]), on-chip parametric fre-

quency dividers including [28] and this work tend to consume

more power and die area. However, the exploration of on-chip

PFDs and their characteristics serves as the cornerstone of

new integrated applications such as phase noise reduction (i.e.,

PFIL) [13]–[15], frequency-selective limiters [33], as well as

sensors with high sensitivity and tunable threshold [22]. The

proposed PFD driver (with 8.7 mW of power consumption)

achieves the on-chip excitation of the purely passive PFD

core. The high-impedance input of the PFD driver can be

connected to either a conventional digital clock signal or the

output of an on-chip VCO. Apart from the avoidance of using

area-consuming transmission lines, this PFD can be integrated

into systems without off-chip signal sources, discrete matching

networks or 50-Ω terminations. Even though it is outside

the scope of this paper, 4-phase IQ signal generation can be

explored in future works by converting the proposed single-

ended PFD to a fully differential topology, since IQ signal

generation has been demonstrated with parametric capacitance

modulation in [7]. Compared to digital frequency dividers,

the built-in filtering from the on-chip LC resonators allows

to achieve lower noise and reduced output harmonics, which

will benefit in the primary target applications. Nonetheless,

instead of aiming to replace conventional frequency dividers

in systems such as PLLs, the proposed PFD was designed as

the key building block for the envisioned on-chip PFIL system

and for other systems based on unique parametric properties.

VI. CONCLUSION

An on-chip current-driven parametric frequency divider

(PFD) in a standard 65-nm CMOS process has been demon-

strated for the first time in the sub-6 GHz frequency range.

The complete PFD consists of a resonator core, a current-mode

input driver with a CLK buffer stage, and a class-B output

stage with bandpass filtering, which is designed to operate at

4.8 GHz with a 1.5 V supply and to provide a 2:1 frequency

division. The input-driving conditions were assessed and a

current-mode input driver circuit was constructed, which can

be operated with on-chip digital or large-swing analog voltage

waveforms. The current-mode driver triggers the parametric

frequency divider with an input RMS current of 8.7 mA.

Furthermore, a class-B BPF output stage was designed to

extract the PFD output signal without an on-chip matching

network, and the bandpass filtering benefit of the class-B stage

was analyzed and discussed. The degradation in the quality

factor (Q) of passive devices due to metal routing and via

contacts in the layout was evaluated, and corresponding design

suggestions were provided for the resonator core.

The fabricated PFD occupies an area of 0.99 × 0.91 mm2,

excluding pads and ESD circuitry. The PFD architecture is

scalable for different frequency ranges (limited by on-chip

inductor and capacitor values) because it does not contain on-

chip transmission lines. The measurement results demonstrated

the feasibility and performance of the PFD design approach.

The input frequency and the supply voltage of the input driver



were swept from 4.45 GHz to 5.8 GHz and 1.2 V to 2.2 V in

order to characterize the operating range of the 2:1 parametric

frequency division. A minimum required supply voltage of

VDCIN = 1.4 V was achieved for the triggering of the 4.8

GHz to 2.4 GHz frequency division, which leads to a total

power consumption of 9.1 mW. The optimum operating point

of the PFD is at fin = 4.8 GHz with a supply voltage of

VDCIN = 1.5 V, where the PFD output power at 2.4 GHz

is −14.55 dBm.
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