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Abstract— This paper presents a chip-package hybrid clock 
distribution network using package or PCB plane cavity
resonance. This structure enhances Q factor through low loss
plane cavity and lowers phase noise. A voltage-controlled
oscillator generates clock signal and off-chip driver circuit with
the structure of harmonic rejection mixer excites the plane
resonance. The plane cavity resonator consists of the embedded
planes in package and an inductive load. The resonant frequency
can be controlled by the inductance and the various destination
points like local buffers can be connected to the plane. We
simulate the proposed chip-package co-design with the 
transmission line matrix modelling and the simulation results
show that the source jitter is suppressed by the resonance effect.

I. INTRODUCTION

In a common synchronous system the clock signal is used
as a reference for data interface and has the highest frequency.
As the clock frequency of digital systems goes higher, it is
getting more important to distribute the clock signal to each
destination with minimum timing jitter as not to exceed the
timing margin of the system. On-chip metallic interconnects
are normally used for clock distribution throughout the entire
die, however, for the lossy characteristic of on-chip
interconnection repeater insertion is generally required. It is 
hard to isolate the power and ground of cascaded repeaters
from other power supply networks of noisy digital logic block
since the clock should be distributed the entire chip. Hence,
the cascaded repeaters can be sources of significant jitter and
skew problems affected by power supply switching noise
generated by digital logic [1], [2]. Furthermore in H-tree
based distribution the latency increases in order to match the
length from the clock source to every destination.

In order to overcome the increased loss and delay of a 
global on-chip clock distribution network (CDN) with low
jitter and skew several solutions have been proposed [3], [4].
These solutions still have a problem of the on-chip power 
supply noisy environment, because these are implemented
inside a chip. Hybrid clock distribution is proposed using
package substrate, which provides less wire resistance and
less wire capacitance than on-chip interconnects [5]. A source
can be distributed through a package layer without the effect
of simultaneous switching noise (SSN). However if the clock
source has jitter, distributed signals also have jitter and skew,
which are involved with the number of destinations and the

size of chip and package. There are resonant techniques as one
of the answer for a multi-GHz clock distribution [6], [7]. On
chip standing-wave clock distribution scheme achieved low
skew and jitter clock signals. However this scheme is limited
to high frequencies by the size of on-chip transmission lines
and the integration of a high Q resonance is not easy with the
process of silicon substrate.

In this paper, a standing wave resonator is used for on-chip
clock distribution, which is constituted by package planes and
an inductive load. Section II explains plain cavity resonance
and the simple method for clock source signal of converting a
digital square wave signal to a sinusoidal waveform signal.
Resonance frequency tuning scheme with an inductor is also
described. In Section III we present the time-domain and the
frequency-domain simulation results with the excitation
circuits and the planes modelled by transmission line matrix
(TLM) model.

II. PLANE CAVITY RESONANCE

A. Standing Waves

Two parallel planes in package like power/ground plane
have a physical resonant frequency related to the plane size. In
the case of chip sized plane less than 2cm 2cm in FR4 board,
the lowest mode resonance frequency is over 3 GHz, and this
frequency increases as its physical size decreases. If the plane
is shorted at one end, the plane behaves as a quarter-wave
resonator as shown Fig. 1(a) and the voltage of the short end
is always zero and the current is maximum. The voltage
amplitudes are different with the position of the plane,
however the phase of the whole plane is same.

The external circuits can be used as the excitation of this
resonator near shorted end and the destination points are on
the edge of open end. The open end of the plane has
maximum amplitude of the resonant signal. The resonant
frequency decided by the plane size is hard to change and the
destination points which have the same amplitude are limited
to the open edge only.

B. Cavity Resonance with Inductor

To overcome these problems, an inductive load replaces the
short end. Fig. 1(b) shows a simple structure that has an
inductive load. An inductive load works as the extension of
the plane, so the resonant frequency is decreased comparing
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(a)
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Fig. 1  Basic quarter-wave resonators and voltage distribution (a) Open-short
quarter-wave resonator and voltage distribution (b) Inductive loaded quarter-

wave resonator

with the open-short parallel plane and the area that has same
amplitude is increased. The resonant frequency is controlled
by the inductance, so the plane size dependency is reduced.

C. Harmonic Rejection Output Driver

For single frequency resonant excitation harmonic rejection
mixer (HRM) is used for output driver [8]. The current output
of the three differential amplifiers is summed to generate the
final output signal. The sub-amplifiers are driven by the three
phase-shifted square waves. A 4-stage ring voltage-controlled
oscillator (VCO) is adopted for octal phase generation for
HRM inputs and the output of the VCO is converted to current
mode swing in the current mode pre-output driver. Fig. 2 
shows the structure of on-chip circuits of VCO and HRM
output driver.

D. Clock Distribution Network using Plane Resonance

Fig. 3 shows the proposed clock distribution network
structure. A VCO generates the source signal and harmonic
disturbance is rejected by HRM, which is also used for off-
chip driver. The differential clock signals are connected to the
planes in the package with bond wires in one corner, so these
are input port of the plane. A lumped inductor is used on the
plane edge near the source signal excitation, and 1nH
inductance is used. Three points of the destination is simulated
with this structure. Fig. 4 shows the whole model of the CDN
using package plane resonance. On-chip circuits and the

inductive load are located in the right-top corner of the plane
and three destinations are bond wired with the plane. TLM 

Fig. 2  Clock source generation – VCO and HRM circuits

Fig. 3  Basic architecture of the proposed clock distribution network

Fig. 4  Simulation model of the proposed scheme - Circuits, TLM model for
planes and inductance for bonding wires

model is used for plane cavity and bond wires are modelled as
inductors and input capacitance of local buffers is also
included.
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III. SIMULATION RESULTS

Fig. 5 shows the plane with inductive load and the position
of inductor, input port and output ports, where source and 
destination local buffers are connected, respectively. The size
of the plane cavity is 10mm 10mm and FR4 board is used
with the thickness of 0.8mm. An 1nH lumped inductor is used
on the one corner of the plane, and near the inductor source
clock signals excite the plane through the input port. 

Fig. 6 shows the input impedance of the plane using
transmission line matrix (TLM) modelling. The lowest 
resonant frequency of the open end plane is over 7 GHz, and
the wavelength of a short edge plane is 4 times larger than the
open end plane, so the resonant frequency will be about 1.6
GHz. The plane with an 1nH inductive load has a resonant
frequency 1.357 GHz, and as the inductance is increased the
frequency is decreased. In this condition not only edge but
also inner positions have a same amplitude clocking; we can
use any position of same amplitude as the output ports of the
plane.

Time-domain differential clock signal of the source and all
of the destinations is compared in Fig. 7. The source clock is 
almost sinusoidal because of the HRM output driver. The
frequency of the source is controlled by VCO control voltage
to 1.357 GHz and the resonance effect makes the amplitude at 
the output ports larger than the source. The skew of output
ports is 3ps and the difference of amplitudes is 54mV, which
is under 2.5% of pk-to-pk voltage.

Jitter is simulated with power/ground noise. On-chip
circuits like VCO and HRM can have SSN with digital logic
and random noise is assumed for convenience. Fig. 7 shows
the jitter of the input port and the one of the output ports. As
the power/ground noise increases, pk-to-pk jitter of input port
increases. Although the source has jitter over 20ps, distributed
clock has jitter under 15ps. Phase noise analysis according to 
Q factor of resonator will be discussed in the final paper.

Fig. 5  Simulated plane with an inductor and the position of ports

Fig. 6  Simulated impedance with/without an inductive load

(a)

(b)

Fig. 7  (a) Simulated time-domain clock signal (b) skew and amplitude
differences

Fig. 8  Simulated jitter at the source and the destinations with power/ground 
noise
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IV. CONCLUSIONS

Normally used clock repeaters distribute the clock signal
like DLL, so the input characteristic is transferred to the
output signal, however, clock distribution network using plane
cavity resonance behaves like PLL. In this paper, the CDN
using the resonance using plane cavity, which is embedded in
PCB or package is verified with the simulation. The input
jitter is suppressed through resonance, so clock is not only
distributed and re-generated. The frequency can be controlled
by the inductance and the output ports can place larger area
not only plane edge than shorted plane.
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