
IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 25, NO. 2, MAY 2002 215

Unit Cell Approach to Full-Wave Analysis of
Meander Delay Line Using FDTD Periodic
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Abstract—Unit cell modeling is performed to determine the ef-
fect of electromagnetic coupling on the propagation characteris-
tics of a meander delay line, which is widely used in printed circuit
boards and packages. Since the design of a delay line must guar-
antee a several tens of picosecond timing margin in modern high-
speed packages and board level interconnections, a penetrating un-
derstanding of the meander effect is essential. The propagation
delay, the characteristic impedance, and the stop-band character-
istic of the meander delay line have been carefully investigated
based on a full-wave analysis using the finite-difference time-do-
main (FDTD) periodic structure modeling method. The period-
icity of the meander line is utilized based on Floquet’s theorem,
resulting in a reduction of the computational domain in the FDTD
simulation and providing a unit cell model of the meander line.
The unit cell modeling of the meander delay line shows the effect of
electromagnetic coupling in meander line structure on the reduc-
tion of the propagation delay. Also, an analysis based on the unit
cell modeling was confirmed by time-domain reflection/transmis-
sion measurements. To investigate the effects of variation of sub-
strate thickness ( ) and trace width ( ) generated during the
manufacturing process, the propagation delay and the character-
istic impedance were analyzed with different values of and .
The unit cell modeling approach based on Floquet’s propagation
mode analysis produces a transmission line model of the meander
delay line, which gives the dispersion relation and the character-
istic impedance. This work should prove useful for high-speed dig-
ital circuit board designers.

Index Terms—Delay line, finite-difference time-domain method,
meander, periodic structure, signal integrity.

I. INTRODUCTION

W ITH the recent development of CPUs of over one
gigahertz, the system bus speeds of modern computer

systems have become increasingly fast. Accordingly, the timing
budgets, related to the synchronization of the clock signal
among the logic gates, must be much tighter. To avoid false
operation of digital logic circuits, it is necessary to allow clock
skew below adequate levels, necessitating the use of delay
lines in package and board level interconnections. A popular
solution for regular delay line design is the meander delay line,
which has a regular, and thus delay-predictable, shape and
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compact design. To satisfy the tight clock skew requirement
in the modern high-speed circuit board, the propagation delay
through the meander line must be controlled within a range of
just several tens of picoseconds. However, the electromagnetic
coupling between the adjacent lines in the meander line struc-
ture causes a large amount of errors predicting the propagation
delay along the meander line. Accordingly, an investigation of
the full three-dimensional effects, including electromagnetic
mutual coupling between the adjacent traces, in the meander
line is essential to guarantee proper delay performance.

In this paper, the propagation characteristics of the meander
delay line will be thoroughly examined based on a unit cell mod-
eling approach using the finite-difference time-domain (FDTD)
method [1]–[3]. Since the meander line structure includes nu-
merous bends and coupled lines, a full-wave analysis is essen-
tial to consider the effects of the electromagnetic coupling and
discontinuities in the meander line on signal integrity, including
reflection, delay, dispersion, and distortion.

In previous studies, meander lines with a finite number of me-
ander segments were analyzed to examine the propagation char-
acteristic by using a full-wave analysis [4]–[7] or wave tracing
analysis [8]. However, it is necessary to include a large number
of meander segments to extract the transmission property of
the meander line, which requires large computational resources
such as memory and CPU time. Therefore, it has been suggested
to utilize the periodic property based on Floquet’s theorem [9]
for study on the propagation characteristic of repeated complex
structures such as meander delay lines [10]–[12].

Unit cell modeling based on Floquet’s propagation mode
analysis restricts the computational domain to a single unit
cell of the repeated structure. Moreover, the unit cell approach
gives a transmission line model of the meander delay line. In
this work, the meander delay line is considered as a longitudi-
nally periodic waveguide (LPW) based on Floquet’s theorem.
Consecutively, the FDTD periodic structure modeling method
[1] is utilized to determine the propagation characteristics of
the meandered delay lines widely used in printed circuit boards
and of high-speed computer system packages. In particular,
the effects of the mutual coupling between the adjacent traces
in the meander line on propagation delay and characteristic
impedance have been presented in detail. Also, the presented
unit cell modeling of the meander delay line was confirmed
by experimental data obtained by time-domain reflection
(TDR)/time-domain transmission (TDT) measurements. In
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addition, the effects of dimensional feature variations generated
during the manufacturing process have also been determined.

II. FDTD METHOD FORPERIODIC STRUCTUREMODELING

Since a meander delay line is composed of repeated serpen-
tine transmission lines, the meander line can be considered
to be an LPW. Fig. 1 shows the wave function propagating
through an arbitrary LPW. As presented in [1], the time-domain
wave function, , propagating through an LPW is
represented by the real part of the complex-number time-do-
main periodic function multiplied by the phase function, ,
which is .
Hence, is periodic, which results in

. In this work, the
FDTD computation was executed for the periodic complex
function, , with the predetermined propagation
constant in the transformed -domain. In this computational
domain, the longitudinal spatial-derivative operator must
be replaced by . The restriction of computational
domain to a single period of an LPW by the longitudinal
periodicity in the -domain requires the computation of the
time-domain complex function.

The presented FDTD method for periodic structure modeling
calculates the transformed periodic electric field
and magnetic field represented just in a single
period ( ) with a predetermined propagation constant

and periodic boundary condition (PBC) given by
and .

The update equations are given in (1) and (2) for the real part
and the imaginary part of the component, respectively

(1)

(2)

In (1) and (2), is the time step and and are the spatial
mesh sizes along the-axis and -axis, respectively.
represents the real part of , where
, , , and are integers for the index. The finite-difference

Fig. 1. Arbitrary periodic waveguiding structure with longitudinal periodicity.
The longitudinal direction is parallel toZ-axis. The wave function for the guided
wave in a longitudinally periodic waveguide can be represented by the periodic
function multiplied by the phase functionexp(j�z).

Fig. 2. Routine for dispersion analysis using FDTD method.

equations for the remaining ten components can be derived in
the same manner.

With a predetermined propagation constant,, a FDTD sim-
ulation is performed to obtain the impulse response. The peak
frequencies of the modes corresponding to the predetermined
propagation constant used in each FDTD run are obtained
by a fast Fourier transform (FFT) of the calculated impulse re-
sponse. Fig. 2 shows the flow chart for the dispersion analysis
of the LPW by the FDTD modeling. The FDTD simulation and
the FFT of the impulse response for eachgive the disper-
sion diagram of a LPW, which can be found in Figs. 4, 6, 7,
and 12. As is well known, since the dispersion diagram of a
LPW is periodic, the FDTD computation is required just within
0 2 . The presented periodic structure modeling ap-
proach saves computational costs for full-wave simulations of
repeated structures such as the presented meander delay line.
Furthermore, the available computer memory resource can be
concentrated on the FDTD computation of unit cell to enhance
the resolution of the numerical spatial mesh based on the pre-
sented unit cell approach, promising accurate numerical mod-
eling.

III. U NIT CELL MODELING OF MEANDER DELAY LINE

As shown in Fig. 3, the meander line can be considered to be
a repeated structure of a unit cell. The unit cell of the meander
line is defined by the periodic boundary given in Fig. 3. Using
the presented FDTD method based on Floquet’s theorem, the
transmission characteristics of the meander line are analyzed, in
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Fig. 3. Schematic of meander delay line. Periodic boundary condition (PBC)
inherited from Floquet’s theorem reduces the computational domain to a single
unit cell of the meander delay line. In this study, a stripline configuration is used.
The thickness of the substrate is 0.9 mm. The stripline trace is 0.3 mm (=HHH)
over the bottom ground plane. The width of the trace (WWW ) is 0.2 mm.LLL is 6 mm.
SSS is selected to be 0.2 mm, 0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm for T1, T2,
T3, T4, and T5, respectively.

Fig. 4. Dispersion diagram of the meander microstrip line. This is presented to
verify the accuracy of the presented method by comparison with the published
data given in [11] and [12]. The geometrical features used in this simulation
were the same as those employed in [11] and [12]. (W =W =W = 2.37 mm,SSS = WWW ,
ddd = 4WWW , LLL = 2WWW ).

terms of the propagation delay and the characteristic impedance.
The effect of the electromagnetic coupling between the adja-
cent traces in the meander delay line is also investigated in a
single period with the longitudinally periodic boundary condi-
tion (PBC).

First, to verify the accuracy of the presented method, the dis-
persion diagram of the meander microstrip line given in [11] and
[12] was obtained and compared. As shown in Fig. 4, the cal-
culated results obtained by the presented FDTD method match
well with [11] and [12], demonstrating the validity of the pre-
sented method.

A. Effect of Electromagnetic Coupling on Propagation Delay

For high-speed circuit board designers, one of the important
properties of the meander delay line is propagation delay. To ac-
curately characterize the transmission characteristic related to

Fig. 5. (a) Meander line trace patterns, which have 100 meander units with
various values ofSSS. These traces are prepared for TDR/TDT measurement
experiment. A FR-4 dielectric substrate was used. The values ofSSS are 0.2 mm,
0.4 mm, 0.6 mm, 0.8 mm, and 1.0 mm for T1, T2, T3, T4, and T5, respectively.
The physical lengths of the traces are 1480 mm. (b) Cross section view of the
stripline used in this study. The thickness of the substrate is 0.9 mm (=BBB).
The distance between the signal trace and the bottom ground plane is 0.3 mm
(=HHH).

the propagation delay generated by the meander delay line, the
effect of the electromagnetic coupling must be carefully consid-
ered. First, the dispersion diagram of the meander delay line is
obtained by using the presented FDTD method with varying dis-
tances between the adjacent traces in the meander line (given
in Fig. 3). The width ( ) of the signal trace is 0.2 mm and the
value of (indicated at Fig. 3) is 6 mm. The feature of the me-
ander striplines, designated as T1, T2, T3, T4, and T5, are the
different values of , 0.2 mm ( ), 0.4 mm ( 2 ), 0.6 mm
( 3 ), 0.8 mm ( 4 ), and 1.0 mm ( 5 ), respectively. A
cross-section of the stripline configuration used in this study
is presented in Fig. 5(b), where 0.3 mm, 0.9 mm,
and 4.5. The computational domain was discretized by a
(0.05 mm) cubic cell to resolve the 0.2 mm wide signal trace
with a factor of 4. A 50 fs time step size was used for the nu-
merical stability. The stripline trace was placed 0.3 mm over the
bottom ground plane. In the FDTD simulation, the traces and
the ground planes are considered to be perfect conductors with
zero thickness.

The calculated dispersion diagrams are given in Figs. 6 and
7. The dispersion diagram shown in Fig. 6(a) is the dispersion
relation of the meander delay line, indicated by “T1,” whose
geometric feature is . Fig. 6(b) shows the first stop-band
of each meander line, which separates the first branch and the
second one in the dispersion diagram. The stop-bands of the
given meander delay lines are placed around 10 GHz. If the
signal propagating through the meander line has a frequency
spectrum larger than the stop-band frequency, the transmitted
waveform suffers from band rejection, resulting in ringing of
the transmitted time-domain waveform. To prevent severe signal
distortion, the stop-band of the meander line must be kept larger
than the maximum frequency of the propagating signal. The
stop-band is determined by the length of the coupled line, in-
dicated by as shown in Fig. 3. Hence, is the geometric pa-
rameter to determine the high-frequency limit of the meander
delay line. The stop-band frequency can be roughly calculated
by a simple arithmetic formula based on the simulated results,
3.0 10 . In addition, it is observed that as the
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(a)

(b)

Fig. 6. (a) Dispersion diagram for the meander delay line (SSS = 0.2 mm, T1).
These curves are obtained by dispersion analysis using the presented FDTD
simulation based on Floquet’s mode analysis. In this figure, the first and second
branches are given. The stop-band (10.33 GHz< fff < 11.07 GHz) is indicated
by the dotted lines. (b) The stop-bands of the five patterns (T1–T5). These are
also calculated results obtained by FDTD simulation.

adjacent traces become closer, the stop-band becomes slightly
wider.

Since the cutoff frequency of the trapezoidal wave with a
rising time more than 30 ps is less than 10 GHz, the first branch
of the dispersion diagram is necessary for signal integrity anal-
ysis in modern high-speed circuit board design. Fig. 7 presents
the first branches of each of the meander delay line patterns, des-
ignated as T1–T5. As predicted, the meander line designed with
a small value (given in Fig. 3) is the slowest delay line, which
means that it is the most efficient meander pattern in terms of
possession of circuit board area. However, the electromagnetic
coupling in the T1 meander line may have a significant effect
on the propagation delay. Since the propagation delay through
a meander delay line must be predictable, T1 ( ) may
not be employable in spite of its superiority in terms of circuit
area efficiency. Hence, the effect of the mutual coupling in the
meander line must be carefully investigated.

Fig. 7. Dispersion relation for five meander delay lines (T1–T5). These curves
are obtained by dispersion analysis using the presented FDTD simulation. They
are the first branches of the dispersion diagram of the each meander pattern.

Fig. 8. Time-domain waveforms measured by TDR/TDT equipment at rising
period.

Together with the simulation result obtained by the FDTD
unit-cell modeling, a series of meander striplines are analyzed
by TDR/TDT measurements. The test vehicles for the meander
delay line were prepared as shown in Fig. 5(a). The line was
fabricated with a 0.9 mm thick FR-4 substrate with the stripline
configuration shown in Fig. 5(b). Each meander trace pattern
has 100 unit cells of meander line and the physical lengths of
the T1–T5 traces are all 1480 mm. If there is no electromagnetic
coupling between the adjacent meanders, the propagation delay
for all five traces must be identical. However, as can be seen in
Fig. 8, the flight time ( ) is given by

. It is observed that the electromagnetic coupling
reduces the electrical length of the meander delay line. In short,
from the experimental results obtained by TDT measurement,
when is larger than 4 , the effect of the electromagnetic
coupling in a given meander delay line on the propagation delay
is not significant.



LEE AND KIM: UNIT CELL APPROACH TO FULL-WAVE ANALYSIS OF MEANDER DELAY LINE 219

Fig. 9. Unit cell delay presented iny-axis indicates the propagation delay
time through a single unit cell of the meander line. They are calculated from
the TDR/TDT measurement data (indicated byX) and obtained from the
FDTD simulation results (indicated byO). To demonstrate the electromagnetic
coupling effect on the flight time in the meander delay line, the unit cell delay
estimated without mutual coupling effect is also presented, which is indicated
by “No Coupling.”

From the TDR/TDT measured data, the propagation delay
through a single meander cell can be calculated. The velocity
of the straight stripline was measured by two straight striplines
of different lengths. From the difference of the flight time, the
velocity of the stripline is calculated to be 1.408510 m/s,
from which the measured relative dielectric constant of the sub-
strate is about 4.53. Using this measured velocity of the straight
stripline, the propagation delay through a unit cell (unit cell
delay) of the meander delay line is calculated.

To compare the measured result and the simulation, the unit
cell delay is also calculated based on the presented FDTD mod-
eling. Since the rising time of the trapezoidal wave generated
by the TDR/TDT equipment used in this work is about 80 ps,
the cutoff frequency is about 4 GHz. Utilizing the dispersion
relation presented in Fig. 7, the unit cell delay has been ob-
tained. Fig. 9 shows the unit cell delay of each meander line
structure. In order to demonstrate the effect of the electromag-
netic coupling on the propagation delay, the unit cell delay es-
timated with the assumption that there is no coupling effect in
the meander delay line is also given in Fig. 9. If there is no ef-
fect from the electromagnetic coupling in the meander line, the
relation between the unit cell delay and the value of(separa-
tion between the adjacent traces) must be linear, as shown by
the dotted line indicated by “No Coupling” in Fig. 9. However,
in a real situation, the electromagnetic coupling causes a sig-
nificant reduction in the electrical length of the meander delay
line. To summarize, the propagation delays through each single
meander structure are presented in Fig. 9, which compares the
TDR/TDT measurement and the FDTD numerical simulation.
As can be seen, the tendency of the unit cell delay matches well.
The obtained unit-cell modeling provides a very useful scalable
solution for meander delay line design. In other words, the prop-
agation delay for the meander delay line including any number
of meander units can be calculated based on the presented mod-
eling method.

Fig. 10. Electric field (jEEE j) distribution at 5 GHz on they–z plane crossing
the line A, which is indicated in (a). The distributions are calculated by FDTD
simulation with longitudinally periodic boundary. The distances between
the adjacent parallel lines are 0.2 mm (T1), 0.4 mm (T2), 0.6 mm (T3), and
0.8 mm (T4) for (a)–(d), respectively. The intensity of the electric fieldjEEE j
is normalized. In (a), the coupling between the adjacent lines seems to be very
strong, which is believed to cause a reduction in the propagation delay.

Although all coupling phenomena and discontinuity effects
that occur in the meander line are considered in the presented
numerical modeling process, the electromagnetic mutual cou-
pling between the adjacent parallel lines is believed to have the
most dominant effect on the propagation delay. Fig. 10 shows
the longitudinal electric field distribution, , between
adjacent parallel lines in a unit cell, demonstrating the coupling
strength between the adjacent lines. The strong mutual coupling
between the adjacent lines in the meander line structure given
by the T1 ( ) trace pattern can be observed in the electric
field distribution shown in Fig. 10(a). The significant reduction
of the propagation delay in the trace pattern T1 is considered to
be due to the strong electromagnetic coupling between the ad-
jacent lines (see Fig. 11).

B. Characteristic Impedance of Meander Delay Line

In addition to the propagation delay, the characteristic
impedance is also an important propagation characteristic
of the transmission line element. In this section, the effect
of the electromagnetic coupling in the meander line on the
characteristic impedance has been investigated. Generally,
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Fig. 11. Characteristic impedances of T1–T5. The characteristic impedance is
defined at the plane indicated by PBC in Fig. 3. In other words, the reference
terminal of the meander line is the end of the unit cell.

the characteristic impedance of the periodic structure is fre-
quency-dependent and is defined at the reference terminal in
the unit cell [9]. In this work, the characteristic impedance is
defined at the plane indicated by PBC in Fig. 3. In other words,
the reference terminal of the meander line is defined to be the
end of the unit cell. It is observed that as the frequency closes
to the stop band, the characteristic impedance of the meander
delay line changes and decreases. Finally, the characteristic
impedance approaches zero near the bandgap frequency, as
presented in Fig. 6(b). This frequency-dependent property
of the characteristic impedance of longitudinally periodic
structures has been previously reported in [13].

As discussed in the previous section, since the propagation
characteristic near the stop-band of the meander line is poor,
the cut-off frequency of the signal transmitted through the me-
ander line must be less than the stop-band frequency of the me-
ander delay line. While the stop-band is near 10 GHz, the change
of the characteristic impedance begins around 5 GHz. There-
fore, the stop-band frequency limit of the given meander delay
line must be carefully designed to be larger than the cutoff fre-
quency of the signal to satisfy the tight signal integrity require-
ment. While the characteristic impedances of T3–T5 are nearly
constant below 4 GHz, those of T1 and T2 slightly decrease
and fluctuate as frequency increases. While the characteristic
impedance of T4 is about 55and 54 at 1 GHz and 4.5 GHz,
respectively, that of T1 at 1 GHz and 4.5 GHz is about 55
and 47 , respectively. As given, the strong mutual coupling
in the meander delay line causes the frequency-dependent char-
acteristic impedance. In order to utilize the meander delay line
as a straight line in a circuit board, the meander segments are
separated at a distance great enough to ignore the effect of elec-
tromagnetic coupling.

C. Effect of Variation in Substrate Thickness and Trace Width
on Propagation Delay and Characteristic Impedance

In manufacturing processes, the thickness of the dielectric
substrate, the width of the signal trace, and the dielectric con-
stant of the substrate may often not match the designed value

(a)

(b)

Fig. 12. (a) Dispersion diagram of the meander delay line with four different
values ofHHH ,WWW = 0.2 mm,SSS = WWW , andddd = 4WWW . (b) Frequency-dependent
propagation delay time per unit cell, which is calculated based on the dispersion
relation presented in (a). The increase of separation between the signal traces
and the bottom ground plane causes a reduction in the propagation delay below
5 GHz.

exactly. While the effect of the dielectric constant on the propa-
gation characteristic is linear and predictable without additional
full wave analysis, variation of the geometrical features causes
a change in the electromagnetic coupling in the meander line.
Hence, the effect of the manufacturing variation in substrate
thickness and trace width on the propagation delay and the char-
acteristic impedance of the meander delay line are carefully ex-
amined based on the presented unit cell modeling method.

Fig. 12 presents the dispersion property of the meander delay
line, whose feature is , with respect to four different
values of substrate thickness (). The first branch of the dis-
persion diagram and the frequency-dependent unit cell delay
are given in Fig. 12(a) and Fig. 12(b), respectively. The fre-
quency-dependent unit cell delay was calculated by

using the frequency-dependent phase velocity ob-
tained by FDTD method. Below 5 GHz, while the increase of
the value of reduces propagation delay, the closer distance
between the signal trace and the bottom ground plane provides
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Fig. 13. Variation of characteristic impedance with respect to four different
values ofHHH . The geometric features of the meander line used in this work are
WWW = 0.2 mm,SSS = WWW , andddd = 4WWW .

Fig. 14. Frequency-dependent propagation delay time per unit cell with
respect to different values ofWWW . In the FDTD simulation, the period of
the meander delay line was fixed atddd = 4WWW . Changing the width of the
signal trace, the distance between the adjacent signal traces is reduced. The
decrease of the separation between the adjacent traces causes a reduction in the
propagation delay below 5 GHz. (ddd = 4WWW , SSS = 0.4 mm�WWW .)

larger unit cell delay. Since the smaller value ofmakes field
confinement between the signal trace and the bottom ground
plane tighter, the effect of the mutual coupling between the
adjacent traces is reduced. However, this tendency of the unit
cell delay is reversed over 6 GHz. Since poor characteristic
impedance performance of a meander delay line over 6 GHz
cannot guarantee a high quality transmitted signal, transmission
of the signal component near the stop-band frequency in the
meander line is not discussed in this paper in detail. The char-
acteristic impedances with respect to the four different values
of are given in Fig. 13. It is observed that the effect of the
substrate thickness variation on the characteristic impedance is
nearly similar to the characteristic of a straight stripline. As is
well known, the small value of gives high impedance.

The variation of trace width is determined by lithography
technology and an etching process (or deposition process). In

this study, the effect of the signal trace width on the propagation
delay has been determined in the range of 0.2 mm0.075 mm
with the same geometrical values ofand (given in Fig. 3). In
this work, the half size of the spatial mesh used in the previous
FDTD simulation was used to achieve 0.025 mm spatial resolu-
tion. Fig. 14 presents the frequency-dependent unit cell delays
with respect to seven different values of trace width (). In this
work, the period of the meander delay line () was fixed at 4 .
Below 5 GHz, while the propagation delay for the largest value
of the trace width ( 0.275 mm) is the smallest, the meander
line with 0.125 mm gives the largest propagation delay.
This phenomenon can also be explained by the electromagnetic
coupling between the adjacent signal traces. Since the value of

for the given seven meander line patterns is (0.4 mm
), the meander line with 0.275 mm has smallest,

which increases the electromagnetic coupling between the ad-
jacent traces. As discussed in the previous sections, the electro-
magnetic coupling causes a reduction in the propagation delay.

IV. CONCLUSIONS

To control the propagation delay of signal transmission,
the meander line is a very popular delay line structure in
package and board level interconnections. For precise and
appropriate design of the meander delay line, a more profound
understanding of the electromagnetic coupling between the
adjacent line segments of meander delay line is essential. In
this paper, the FDTD method was utilized to analyze Floquet’s
propagation mode of the meander delay line. The periodic
boundary based on Floquet’s theorem results in a reduction of
the computational domain in the FDTD modeling. By utilizing
the presented method, unit cell modeling of the meander delay
line has been performed for determination of the propagation
characteristic of the meander delay line.

To verify the analysis of the meander delay line based on the
presented unit cell modeling, the experimental result obtained
by the TDR/TDT measurement has been presented, which
shows the coupling effect of the adjacent lines on the reduction
of the propagation delay. Furthermore, stop-band characteristic
and the characteristic impedance of the meander line have
also been discussed. To ignore the effect of the coupling on
the propagation delay and the impedance, the adjacent traces
must be separated at an adequate distance. To promise the best
quality of the transmitted signal, the stop-band frequency of
the meander line must be larger than the cut-off frequency of
signal. The value of given in Fig. 3 determines the bandgap
frequency of the meander delay line.

To determine the manufacturing tolerance, the effects of the
variation of the substrate thickness and the trace width have also
been investigated, in terms of the propagation delay and the
characteristic impedance. Conclusively, the propagation char-
acteristic of the meander line has been presented based on a
full-wave analysis utilizing FDTD periodic structure modeling.
The presented set of the dispersion relations, , and the char-
acteristic impedance, , for a unit cell give a simple trans-
mission line model of the meander line. Hence, the complex me-
ander line structure can be treated as a simple transmission line
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element, which provides a scalable solution. Finally, the pre-
sented unit cell model of the meander delay line is expected to
be helpful for modern high-speed circuit board designers.
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