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were measured, and the characteristic impedance and
Abstract— Dispersion in periodic microstrip transmission propagation constants were calculated. Measudtsevere
lines was investigated by using S-parameters itk the found to be in very good agreement with numerigalation.
characteristic impedance and the complex propagatio

constant. Dispersion curves determined from aetaof A microstrip line on a homogeneous dielectric sttst of
methods, including simulation with IE3D and measeat relative permittivity, €5, with air above the line has a
with a network analyzer, were compared to an aitalyt characteristic impedance corresponding to the ouestity
transcendental model providing self-consistentdadion of used expression for effective dielectric constant

each method. Simulated S-parameters agreed with

measurement, including the case of a multi-laystdibtrate. e +1 e -1

Very similar dispersion curves were produced usingulated Eq = S+ S 1)
S-parameters, simulated current distributions,dical Z 2{1+12(h/w)

calculation and measured S-parameters. where h and w are the substrate thickness andwidéh

respectively, and w>h. This expression could h@iag to the
Keywords: Periodic Transmission Line; Transmission Line; simple transmission lines used in this work; howeivethe

Photonic Band Gap; Brillouin Zone; Dispersion first several lines fabricated here, a multilayabstrate was
accidentally achieved. Although most structuresrewe
I. INTRODUCTION patterned on Rogers RO3d03ome of the structures were

fabricated on either PTFE£2.2) or on Coorsték 99.5%
exhibits a broad rejection band, or a photonic bgag a_llumina €:~9.8) substratgs. The _ground planes and mi_crostrip
(PBG), across a frequency range which is commetesurdnes were cut from acrylic gdheswe back.ed cop@pé using

with the spatial periodicity of structural irregtities in the @ razor blade. The approximately @ thick adhesive layer

transmission lines.  Both transverse-electric-argymetic ©n the tape reducegls by about 30% to 35%, significantly

(TEM) microstrip transmission lines and non-TEMaltering the PBG frequency response.

waveguides exhibit transmission with a PBG. Thiwrkwis

concerned with quasi TEM mode transmission linethabthe

frequency response includes low frequencies, alithy down A,

to DC.

Signal transmission through a periodic transmissiioe

The peculiar frequency response in the transmissic
characteristic is accompanied by a transmissiandispersion
that is affected by the periodicity in the wave adpnce. b
After the work by Ke&ten years ago linking the PBG directly
to the periodicity in transmission line charactigis
impedance, workers began to focus attention onedigpn
engineering creating a striking parallel between
electromagnetic wave propagation along a periodicigure 1 Periodic transmission lines (a) with holes and (b)
transmission line, and nearly free electron profiagahrough ~with variationsin line width. Each board is 15 cm long.
the periodic potential of a crystal lattice. Therlwreported
here was, in fact, motivated by the possibilitydefeloping an
effective hands-on pedagogical tool to teach thaltiheory of
solids.

In the case of a lossless periodic transmissiaon, lihe
propagation constant is real and constrained bjntguality

Two microstrip line styles that were employed iis twork COS((ldl)COS((ZdZ)—l[ZZ +lesin(k1dl)sin(k2d2)
2

are shown in Figure 1. The periodic variationsnipedance A4
were realized either by placing square holes insthp, or by
varying the width of the strip. The S-parametefrshe lines where Z and 2 are the characteristic impedance in the regions

<|cos(Fa) | (@)

1
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realized with a patterned microstrip line on a hgemeous

with ropagation constants K, = w,/&,. /Cand L
propag L Leff substrate. In all of the structures used in thigys d=d,.

K, = @,/E,4 /C. B=21A is the effective wave number for _ o
Figure 2(a) shows the measured transmission S-Résasrfor

a wave propagating though the entire crystal, and the a structure from Figure 1(a) made by photolithobyapn
speed of light in vacuum.  This expression is tisial Rogers RO 3003, 1 oz copper board. All measurestierihis
guantum mechanical transcendental result for thhed8linger work were made using a Hewlett-Packard 8719C vector
equation with a Kronig-Penny potenfialising purely real network analyzer with a full 2-port calibration.ofper semi-
propagation constants. The case of equality inaliom 2 rigid cable was used to maintain a high qualityibzation
defines the band edges, and wave numbers canrsitietie  throughout the transmission line characterization.

left hand side of Equation 2 is greater than unityand d are
the lengths of each section. Equation 2 is usetul
qualitatively predict the upper and lower edgesth& band
gap. It fails in precise prediction possibly dodtte frequency
dependence of the impedance, especially near the &dges %/ -20+
where the line is extremely dispersive. o

Measured
————— Simulated

The complex impedance, Z, and complex propagation -s-
coefficient, a+jB, of a periodic transmission line can be
calculated from the measured magnitude and phasiecos- T 4 6 8 10 12 14
parameters using the de-embedding equations used by Frequency (GHz)
Eisenstadt and Edor IC interconnect characterization,

o
o

Figure 2a Measured and simulated S, for a transmission
line of the design type shown in Figure la.

72 =72 (1+ S11)2 _8221 3)
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where $; and $; are complex, L is the physical length of the ] s y T easured
transmission line in metersy is the attenuation constant in
Np/m andp is the propagation constant in‘m Z, is the e 4 6 8 10 12 14
system impedance, and in these measuremeg50ZQ. Frequency (GHz)

These expressions have subsequently been usedhbys ot

working on periodic transmission lines to extradie t Figure2b Measured and simulated Sy for atransmission
transmission line parameters from the measured Bneof thedesign typeshown in Figure 1b.

parameters™.

Figure 2(b) shows the measured transmission Siiedeas
for a structure similar to Figure 1(b) but madenfradhesive
Il PERIODICTRANSMISSIONLINE copper tape on a 0.040” thick alumina substrat#) wiperiod
CHARACTERIZATION a=8.2 mm. The simulations in Figure 2 used IE3Bnd
demonstrate the effectiveness of method-of-moments
Two microstrip line structures were studied here ame electromagnetic field analysis. However, in thstfattempt to
shown in Figure 1. A patterned line with rectamguholes simulate the structure in Figure 1b (not shown), célthe
periodically spaced with period a=14 mm in the toptal features occurred at frequency values that wereta®@% of
layer is shown in Figure 1(a). Variations on #tisicture were the measured values. To get agreement it was s&ge® use
studied in [1] by fabricating a suspended air ditle metal ¢=6.5 for the alumina, which is clearly incorrecythdoes
line with holes, by Saib, et &.by patterning the holes in the demonstrate that the effective dielectric consteas roughly
substrate and placing a straight transmission dimé¢op, and 35% lower in practice than would be expected fopume
by Tiwari", et al by cutting the structure from aluminum foilalumina substrate. Careful examination of the eop@pe
and placing it on top of a dielectric. Figure 1¢bjows a line revealed an approximately §@n thick acrylic adhesive layer.
of periodic width, also with a=14 mm, fashionedtle same Including this layer in the IE3D model above theugrd plane
manner as a common low-pass filter. Both strustwere and below the microstrip line and setting the ahani
permittivity to €=9.8 and the adhesive permittivity to 2.0
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produced the simulated curve in Figure 2(b). Thhistrates from the TEM mode due to the Fabry-Perot resonanke.
the effect of additional layers on the effectiveeldctric several periodic transmission lines, the in-bangedance
constant, and further emphasizes the “essenti#é”abserved exhibited explosive growth, possibly even a singtyaat any
by Keé played by impedance in the formation of band gaps. frequency of almost perfect reflection, wherg \8as nearly O
dB accompanied by & @hase shift, indicating a soft boundary
Usually observations of mid-band transmissionuesst, as condition at the device input. The in-band impedawould
the one centered at 8.7 GHz in Figure 2b, can toibated to also sometimes clearly resemble anomalous dispersioch
defects, or in other words point disruptions, ofe thmore evidently than seen in Figure 4, hinting gbossible
periodicity**. However this transmission line included no suchegative index of refraction. The mechanism which
irregularities even though the feature is seen both determines the impedance in the high insertion tegéne is
measurement and in simulation. Direct measureraéithe not well understood by these authors, and is nanater of
group delay and calculation of the group velocitgni the continued investigation.
dispersion curve confirm that the half-wavelengtt8d GHz
is equal to the periodicity of the transmissiorelinThis is also 150 e —————0
seen in the current distribution in Figure 3 coreguivith Co O
IE3D, providing independent confirmation that thgparent
state in the gap is instead a mere suppressionhef t
periodicity.

S,, (dB)

Impedance (Q)

T T T
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Frequency (GHz)

Figure 4 Real and imaginary parts of the characteristic

87GHz ! """ ! """ i """ l """ ! """ l """ l """ ! """ i """ l """ ! """ * """ l """ ! """ impedance of the transmission linein Figure 1a.
BASAASERRARR AN The propagation constant and dispersion curve gor
) L _ o structure similar to that in Figure 1(b) with atie¢ parameter
F!gure 3 Current dlstrlb_ut|ons on the rr_1|crostr|p linefrom  5-14 mm on 0.030” thick RO3003 circuit board areva in
(F;'E'l;;e iit;i dchﬁgt%dBés?g OI Egng)u;%e ;Pth;B%_éAézg Figures 5 and 6. The propagation const@ntvas computed
aIIowéd sate (8.7 GHZ) ;I'he wav'elength at 8.7 GHz is from I_Equation_4. Because of the exponential consbn in _
equal to the peri(.)dicity oi‘thestructure ' Equation 4,3 is phase wrapped, and a manual unwrapping
' procedure was applied f§ forcing it to be zero at DC. The
dispersion curve constructed in Figure 6, showsathgular
Also visible in Figure2 are oscillatory variations in frequency,w, normalized by the lattice parameter, versus the
frequency of the transmission, which occurs in btitle propagation constant times @2 The forbidden band is
magnitude and the delay of the transmission. Teguency manifest by a sudden jump in frequency at the @riti zone
separation between peaks is similar to the groupcity edge pa/2r=0.5). Because there is some transmission in the
divided by twice the line length between the SMAmectors, pBG, the ideal discontinuity in group velocity hetBrillouin

indicating that these are Fabry-Perot resonancebeofjuasi- zone edge is in reality continuous and not singhtued.
TEM mode between the impedance mismatched portse THowever, the expected trend that the group velocity

high points of the oscillations correspond to pggisn
between the ports without loss to the Fabry-Peraden The
low points correspond to frequencies where theradagimum
multiple reflections, producing additional dissipat ]
Achieving a characteristic impedance outside th&RB50Q  _ 5
helped to minimize the amplitude of the Fabry-Perot>
oscillations, as was the case in Figure 2a.
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The complex impedance calculated from Equatioar3te
structure in Figure la is shown in Figure 4. Thal mpart,
Re(Z), goes to 5@ outside and away from the PBG. TheFigure 5 Attenuation coefficient (a) and propagation
Fabry-Perot resonances are readily revealed in)Relfh is  constant (B) of the transmission linein Figure 1a computed

50 Q at frequencies where the oscillation if 8 at a peak, by using measured S-parameter data with Equation 4.
indicating that the oscillation depicts dissipatigss of energy
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(vg=dw/dB) tends toward zero at the Brillouin zone edge igito the next level of investigation into anomalalispersion

clearly visible from inspection of the curves ig#ie 6.

Alternatively, the dispersion curve can be sinadatby
using IE3D to prepare plots of the current disttiitru along
the line at various frequencies, such as those shiowrigure

distributions and is used to compupe2r/A. Due to the
difficulty in accurately identifying wavelengths the current
distribution on visual inspection, this method dowd work
well for transmission lines with a large impedarmmtrast,

which is why the actual transmission lines in Feglirwere not
Figure 6 shows dispersion curves th&e w* Chul-Sik Kee, Jae-Eun Kim, Hae Yong Park, S.J. KihiC.

used here.
generated using multiple methods: (1) from the entriplots;
(2) analytically using Equation 2; (3) From IE3Dnsilated S-

inside the PBG and ultimately to negative indexaffaction.
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