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Abstract — Previous investigations into the on-chip
power distribution network (OCPDN) have focused on
low frequency ranges. This study analyzes the high-
frequency behavior of OCPDNs, where the wavelength
approaches the dimension of the OCPDN and the track
structure in the OCPDN. A theoretical model based
on transmission line theory with common mode and
differential mode analysis is established. The model
shows that the power tracks can block the propagation of
electromagnetic waves in certain frequency ranges and
that wide stopbands exist. Full wave simulation based on
(HFSS) is performed to verify the model. The simulation
results match the theory, confirming the predicted
behavior of the power tracks. Measurements are
performed on prototype power tracks and the results are
again consistent with the theory. The behavior of the
power tracks shown here provides important information
for the design of integrated circuits for millimeter-scale
wave communications.

Index Terms — Frequency response, on-chip power
distribution network, pass-band, stop-band.

I. INTRODUCTION

Radio technologies in 5G communication employ
millimeter-scale waves [1-3]. High-speed communication
with large bandwidth is key to 5G communication. In
addition, the stability of integrated circuits must be
considered. Part of the on-chip power distribution
network (OCPDN) for graphic memory is shown in
Fig. 1. The structure consists of equidistant power tracks
and shows periodicity in some parts.

The OCPDN may be exposed to signals with
frequencies up to 100 GHz in the complex
electromagnetic environment. Previous studies have
analyzed the electromagnetic interference of power
distribution network (PDN) below or close to 1 GHz [4];
however, its behavior in the millimeter-scale wave range
is not well understood. Other studies into suppressing
OCPDN noise [5-8] typically use extra structures instead
of improving the power tracks. Many researchers have
treated the problem of OCPDN analysis using numerical
approaches with lumped elements. Therefore, a method
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of OCPDN analysis at such high frequencies is worth
developing.

Fig. 1. Power tracks of the PDN in a memory integrated
circuit.

According to [9], the shunt tracks of a periodic
structure produce a stopband, which has a Bragg-like
effect. In recent years, many studies have attempted to
reduce the mutual coupling; for example, by using an
electromagnetic band gap structure (EBG) [10, 11] or
electromagnetic shielding mesh structure [12]. These
periodic structures can block electromagnetic waves.
Analyzing the behavior of the PDN by transmission line
theory is possible because the space between the source
and ground tracks is very small. In this study, we focus
on the power tracks. As the wavelength approaches the
feature size of the OCPDN, Bloch-like theory can be
established to describe the behavior of the OCPDN. The
following sections show the development of this theory.

Il. THEORETICAL MODEL

A. System model

The power track structure is illustrated in Fig. 2,
with some modifications. It consists of metal tracks
distributed equidistantly on a ring. Consider the
following scenario: a source is connected to the center of
the left edge of the ring while a load is connected to the
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center of the right edge of the ring. The characteristics of
the power track structure for wave propagation can then
be described using the ratio of outgoing power on the
load to incoming power from the source; i.e., the Sy
parameter. The objective is to solve the problem using
the physical dimensions of wave propagation as well as
process-related parameters.

Unit
tracks Ceﬂ

ring

Fig. 2. A schematic model of power tracks.

The structure shows strong periodicity; it can be
considered as a sequence of unit cells shown in Fig. 3
(a). As the wavelength of the electromagnetic wave is
comparable to the cell dimension, the length of the track
is half the wavelength and the interconnection between
two tracks (one segment of the ring) is one eighth the
wavelength in this paper. The tracks and the segments
between two tracks should be considered as transmission
lines. Their line impedances and propagation constants
are Zu, Bn and Zw, k respectively.

—d

n+1

(@) (b)

Fig. 3. (@) A unit cell of the power tracks. (b) Equivalent
circuit of the unit cell.

The upper and lower parts of the power track are
symmetrical. The source and the load are on the axis of
symmetry. It is reasonable to consider wave propagation
with the common mode method: the upper and lower
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edges of the ring have the same voltage distribution, as
shown in Fig. 3 (b). Then, the unit cell can be split into
two T cells, as shown in Fig. 4 (a), whose behavior is
identical. Thus, only one T cell needs to be analyzed.
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Fig. 4. (a) Two T cells of the unit cell. (b) The transmission
line common mode model of the two T cells.

In Fig. 4, Zyr denotes the load impedance viewed
from the center of the track down or up. The equivalent
impedance of a T cell will be discussed in the next
section.

B. Common mode analysis

The behavior of the T cell can be described with an
ABCD matrix. Given the cell size, the wave propagation
constant and the line impedances, the ABCD matrix can
be written into (2) in normalized form. Readers may refer
to [13] for deduction details:
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The input impedance of the track, viewed from the
ring edge into the track, is Zpn (Fig. 4). For common
mode operation, the middle point can be considered as
an open, meaning that Zyr equals co. Therefore, the input
impedance of the track is given as:
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The values of k and B, are equal in the model. Due
to the periodicity of the tracks, the propagated wave on
the power tracks can be defined as:

Vi1 = Vne_jﬁd- 4



Combining (2), (3), and (4) provides the dispersion
relationship of the wave propagation in (5). For wave
propagation without attenuation, in other words, the
solution of cos fd exists in equation (5) and condition
(6) should be satisfied. Frequency ranges violating
condition (6) correspond to the stopbands:

cos Bd = cos kd — > 2% tan L sin kd, (5)
22y O 2
f(k) = |cos kd —E—Zwtanﬂsinkd| <1. (6)
2zy O 2

Equation (6) is transformed into (7) and (8). The
passband regions are shown in Fig. 5. In this figure, the
horizontal axis is the propagation constant, k, and the
vertical axis is the tangent function of k:

1z kh kd
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2 Zy 2 2
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The method used for analyzing the power tracks
is essentially the transmission line common model
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method. Further to the above equations, we can also
build an equivalent circuit of the power tracks, as shown
in Fig. 6, which gives the S parameter of every
frequency.
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Fig. 5. Passband calculated with the common mode
method.

SP1
S-PARAMETERS  [Stant=1.0 GHz

IStop=1200 GHz

979

Step=1GHz
TL37 TL45 TL46 TL47 TL48 TL49 TL50 TL51
Z=192.9 Ohm Z=192.9 Ohm Z=1929 Ohm Z=192.9Ohm Z=192.9 Ohm Z=19290Ohm Z=192.9 Ohm Z=192.9 Ohm
E=225 E=225 E=225 E=225 E=225 E=225 E=225 E=225
F=150 GHz F=150 GHz F=150GHz  F=150GHz F=150 GHz F=150 GHz F=I50GHz F=I50 GHz
| | | | | | 1
| S— 7 T T | S —7
. ——r
TL59 ,
7=192.9 Ohm d Tz
o Z=192.9 Ohm
Efg” TL38 TL39 TL40 TL4I TL42 TL43 TL44 =150 Port B
F-I150GHz [] 7-1929 Ohm [:l 7-192.9 Ohm |:| 7-1929 Ohm |:| 7-192.9 Ohn| | Z=1929 Ohn‘[] 7-192.9 Ohn{] 7-19290hm| F=150 GHz
L0 E=180 E=180 E=180 E=180 E=180 E=180 E=180
b . F=150 GHz F=150 GHz F=150GHz F=150 GHz | F=150GHz | F=150GHz | F=150GHz [ ] TL6l = Term6
Num=3 £=192.9 Ohm Z=192.9 Ohm Num=4
z=500nhm LJ E=180 E=180 Z=50 Ohm
F=150GHg — — — — | F=150 GHz
| S| | S —J | S | S —J
L TL36 TL52 TLS3 TL54 TL5S TLS6 TL57 TLS8 4
7=192.9 Ohm Z=1929Ohm  Z=1929Ohm Z=19290hm  Z=1929Ohm Z=1929 Ohm Z=192.90hm Z=1929 Ohm
E=2235 E=225 E=225 E=225 E=225 E=2235 E=225 E=225
F=150,GHz F=150 GHz F=150 GHz  F=150 GHz F=IS0GHz  F=I150GHz F=150GHz  F=150GHz
Y
n
Fig. 6. Common mode model of ADS consisting of lossless transmission lines.
C. Differential mode analysis P ZHp+iZy tanﬁHg
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the problem much more complex. Another extreme
situation occurs whereby the wave phases in the upper
and lower ends of the power tracks are opposite. Then,
the two waves meet at the midpoint with a phase
difference of 180°. This method is called differential
mode, in which the middle point of the power tracks can
be considered a short, meaning that Zyr equals O as
shown in Fig. 7.

For differential mode operation, the input impedance
of the track is:

H ZH+j0tan,8Hg’

. n
=jZytan By -. ©)

Combining (2), (4), and (9), gives the dispersion
relationship of the wave propagation in (10). For wave
propagation without attenuation, condition (11) should
be satisfied. Frequency ranges violating condition (11)
correspond to the stopbands:

cos fd = coskd + lZ—W%sin kd, (10)
2ZH tan=-
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Equation (11) is transformed into (12) and (13). The
passband regions are shown in Fig. 8:
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Fig. 7. (a) Voltage distribution, and (b) unit cell of the
differential mode.

Through Advanced Design System (ADS)
simulation, an ideal differential mode model is built to
verify this method. There are two inputs at either end of
the left edge, as shown in Fig. 9. The phase difference
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between the two input signals is 180°. At any location of
the left edge, the source will produce two modes at the
same time. According to our theory, the input impedance
of the track and the general dispersion relationship is:
Z1,—Zo

a+jta

= —Jje =
I'=e 2112 (14)
n
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Fig. 8. Passhand calculated with the differential mode
method.
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Fig. 9. Differential mode model of ADS consisting of lossless transmission lines.

I11. VERIFICATION BY SIMULATION

In this section, we discuss the common-mode and
differential-mode behavior and solve the problem of
hybrid mode wave propagation. To illustrate this
behavior, a simulation with the following parameters
is used to verify our model: h represents the length of

power tracks, d is the width of the unit cell, and n
represents the number of unit cells. The cross-section of

the ring and track are the same. The ring and track have
the same line impedance, Zo, which is equal to 192.924 Q.

Figure 10 compares f(k) and 1 for h =1 mm, d = 0.125 mm

and nranges from 7 to 21. According to the common mode



model and equation (6), the frequency ranges where
f(k) is above 1 correspond to the stopband, whereas
other frequency ranges correspond to the passband. It is
expected that the electromagnetic waves of the four
bands will be blocked by the power tracks.

common mode
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Fig. 10. Theoretical result of the common mode model.

-90 1 : 1 ; 1 " v L 1
0 300 600 900 1200

Frequency (GHz)

Fig. 11. Simulated Sy; parameter with a variable number
of tracks.

Figure 11 shows the simulation results of the
common-mode equivalent circuit. It again predicts a
stopband very close to the frequency range of the
theoretical result. The three-dimensional structure of the
power tracks is built using high-frequency structure
simulator (HFSS) for full wave simulation. The results
are also shown in Fig. 11. The HFSS simulation results
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match the ADS simulation results very well, and the
two have very close stopbands. In the high-frequency
range above 700 GHz, due to the skin effect, the HFSS
simulation model impedance mismatch causes greater
attenuation. The ranges of the stopband are weakly
dependent on the number of unit cells if n is sufficiently
large.
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Fig. 12. Theoretical result of the differential mode
model.
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Fig. 13. Sx at the top output of the differential mode
equivalent circuit in ADS.

Figure 12 compares g(k) and 1. According to the
differential mode model and (11), frequency ranges
where g (k) is above 1 also correspond to the stopband.
In contrast to the common mode, the first stopband is
near the DC area. The first passbhand area is located from
approximately 121 GHz to 282 GHz. Figure 13 shows
the simulation result of the ideal differential mode
equivalent circuit in Fig. 9, which predicts the passbands
close to the calculated frequency range. Meanwhile,
electromagnetic wave near the DC area is blocked by the
differential mode equivalent circuit. It should be noted
that the frequency response of the differential mode is an
ideal case. In fact, not only differential mode wave
propagation but also common mode wave propagation
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occurs at the same time. Figure 14 indicates that the
differential mode is suppressed at the center output.
In contrast to the midpoint, the output located in the
rightmost track comprises two modes of guided waves.
Therefore, we can predict differential mode behavior by
subtracting the behavior at the midpoint.

| centre output|
-300 T T T T T T

340 | E

-360 - E

S21 (dB)

-400 - B

1 1 L L 1 1 1

0 200 400 600 800 1000 1200
frequency (GHz)

Fig. 14. Sy at the center output of the differential mode
equivalent circuit in ADS.

Top

or

Ah Center

Fig. 15. Hybrid mode model.

Figure 15 shows the model used to verify the hybrid
mode propagation. Ah is the distance between the input
location and the midpoint. The port at the top of the
right edge collects the hybrid mode information but the
midpoint can only collect common mode information.
Only one output port is used at a time. The total length
of the tracks is 1 mm. Five input locations are set to
show the overlap of the hybrid mode. According to the
differential mode method, there is no differential mode
wave propagation while the input is at the midpoint.

As shown in the theoretical result and equivalent
circuit simulation, the power of electromagnetic waves
near 0 GHz, 300 GHz, 600 GHz, 900 GHz, or 1200 GHz
are blocked by the differential mode method. Directly
measuring the wave conduction of the differential mode
is difficult; thus, equation (17) verifies the existence of
the power of the differential mode:
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A|S21|2 = |S21hybrid|2 - |521common|2- (17)

The subtraction results from ADS and HFSS

simulations are shown in Fig. 16. By subtracting the

common mode EM wave, the results also show the

stopbands near 0 GHz, 300 GHz, 600 GHz, 900 GHz,
and 1200 GHz.

A|S21[%(dB)

or

e
0 300 600 900 1200
Frequency (GHz)

Fig. 16. |S21top|? - |S21center|* Of simulations with a variable
input distance.

IV. VERIFICATION BY MEASUREMENT

In this section, geometrical scale model
measurements [14] based on a printed circuit board
(PCB) shown in Fig. 17 are compared with the
transmission line mode in ADS. The common mode
test corresponds to portl and port3, and the hybrid mode
test corresponds to port2 and port4. With the following
parameters: h =100 mm, d=12.5 mm, n =7, and relative
permittivity of the dielectric substrate is equal to 4.5, the
first stopband of the common mode ranges from 0.8 to
1.3 GHz, according to the theory. By referring to [15],
the attenuations can be calculated by the following

equation:
dB 20_7'[ 1

a [?] = In1o @’ (18)



Q. represents the quality factor at the resonant frequency
and 4, is the wavelength in the power tracks.

In the measurement, the effective permittivity is
equal to 3.3, loss coefficient is equal to 3.66 dB/m, and
dielectric loss angle tangent is equal to 0.05.

Fig. 17. Prototype of power tracks based on a printed
circuit board.
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Fig. 18. Measurement and ADS results of common mode
and hybrid mode methods.
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Fig. 19. Subtraction results of common mode and hybrid
mode methods.

As shown in Fig. 18, the first stopband is very close
to the frequency range and the second stopband also
obeys the common mode theory. In Fig. 18, the hybrid
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mode measurement shows a different frequency response
from the common mode and differential mode methods.
To confirm the existence of the differential mode, this
section calculates the power and squares Sy1 to obtain the
result of the mixed-mode power minus the common-mode
power in the simulation and experiment, respectively.
Figure 19 shows the subtraction results from the
measurement and transmission line model for .., =
3.3, a = 3.66 dB/m, and tand = 0.05. According to
the differential mode theory, the above simulation shows
the passband near 200 GHz, which corresponds to 1.2 GHz
from the measurement. We verify that the power can
split into two modes. If the input or output is set at the
midpoint, no differential mode propagation occurs in the
measurement either.

V. CONCLUSION

The propagation of electromagnetic waves in
power tracks consists of two modes: common mode
and differential mode. The first stopband of the common
mode is where the wavelength is about twice the track
length. The first stopband of the differential mode is
where the wavelength is more than twice the track length.
The widths of the stopband increase with the number of
tracks and become saturated as the track number exceeds
nine. Equations are presented for calculating the exact
range of the stopbands. The frequency response of
propagation in the power tracks in the general case
is a combination of common-mode behavior and
differential-mode behavior; it varies with the location
of the source and observation points. If the source or
observation point is located at the center of the power
tracks, there will be no differential mode. However,
because the stopbands of the two modes have an overlap,
there is always a stopband for the propagation.

Employing equivalent circuits based on transmission
line theory is an effective method for analyzing power
tracks, as proved with field simulations and practical
measurements. The frequency response of the power
track reveals the millimeter-scale wave electromagnetic
properties of on-chip power distribution networks. Our
future study will work on more complex mesh structure.
It also aids the development of new structures for
millimeter-scale wave filter design.
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