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Excitation of a Parallel-Plate Dielectric Waveguide
Using a Coaxial Probe—Basic Characteristics
and Experiments
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Abstract—In this paper, we study the basic characteristics of a

probe excitation to a parallel-plate dielectric waveguide (PPDW), y
and present design data and experimental results. A coaxial probe r—~— 1Y
has been used in microstrip lines and rectangular waveguides. /\/-7

The present study shows that it is also an effective method to
excite/couple a PPDW, thus facilitating the introduction of a

new class of PPDW technology in microwave/millimeter-wave /\/

coaxial
probe

integrated circuits. We use here a spectral-domain analysis for

analytical modeling of the probe transition, where the probe is ap-

proximated by a current strip of an equivalent width. Applying the \/
J

hY

method of image, the structure is transformed to an infinite-long z ¢ s
thin strip inside a dielectric slab, which reduces the transition j
analysis into a simpler planar geometry. Basic characteristics of
the probe excitation, and a complete design data for the radiation /L/v
loss, excitation efficiency, and input impedance for various tran- central
sition parameters are computed. Prototype design experiments ¥ " dielectric &
were conducted, which show that quite efficient excitation can be guide
achieved using the probe, with insertion loss as low as 0.1 dB. This |~ | ]
is contrary to some misconceptions that a probe transition to the
fundamental PPDW mode is quite inefficient due to parallel-plate x
mode radiation. L mle:al
ates
Index Terms—Coaxial to dielectric waveguide transition, coaxial b [ ; ’(\/ P
transition, dielectric waveguide, nonradiative dielectric waveguide. & & &
z ' <>
a

I. INTRODUCTION

ULTILAYER microwave and millimeter-wave inte-
grated circuits/antennas are attractive for high-density
integration in multiple levels [1], [2]. In such applications, theig. 1. Geometry of a coaxial to PPDW transitien= width of the center
independent Circuit |ayers need to be e|ectrica”y iso|ated froqlﬁ:lectric Stl’ip,b = thickness of the substrate, = dielectric constant of the
. . c§nter dielectric strips, = dielectric constant of the outside dielectric substrate.
each other by metal planes, resulting in stacked parallel-plate
structures. The printed-circuit technology may be used for the
integration, with stripline as the transmission line of choicginctions, under nonideal conditions of having air gaps or
(some form of conductor-backed slotline or coplanar waveguiéending films between layers (left during fabrication process),
may also be used), and with via-holes or slots as mechanitime stripline may excite distributed radiation to leaky modes
of signal transfer between layers. However, this will create tlfig], [4]. Use of shorting pins may alleviate the above problems
problem of excitation of the parallel-plate modes at variousy providing short-circuiting paths between the metal planes.
junctions. The level of parallel-plate-mode excitation can oftddowever, that may mean drilling too many shorting posts all
be prohibitively large, leading to power loss and/or unwantemer the circuit [5], which is practically undesirable. Similarly,
crosstalk between components. Besides radiation from thédielectric plug” fabricated around a slot-type transition may
help to confine/minimize the parallel-plate radiation, with only
Manuscript received January 18, 1999; revised January 4, 2001. This wifiited benefits [6]. _ _ _
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lower microwave frequencies. It may also be fabricated usingpeobe is approximated by a metal strip of an equivalent width.
microelectronic deposition process for higher frequency appliia imaging across the parallel plates, the strip is transformed
cations in order to achieve much better dimensional accuratyto a simpler planar geometry having an infinitely long current
The problems due to the parallel-plate-mode excitations, as dirip inside a dielectric slab of infinite lateral extent. Various
cussed above, can be potentially eliminated or minimized bwasic characteristics and design data for the radiation efficiency
use of the PPDW. The guiding mode of a PPDW is the fumnd input impedance of the probe are computed for a range
damentall'E;, mode, which supports an electric field (equivef physical parameters of the PPDW and probe. Based on the
alently, a voltage) across the parallel plates. The PPDW maitieoretical analysis, an accurate circuit model is also derived
is a nonradiating mode, in the sense that its fields are confinkhaéit can be used to simplify the design process. Prototype
or bound to the central guiding region. Therefore, it does ntwo-port circuits consisting of a PPDW, coupled at the two
suffer from the leakage problem experienced by a stripline. Fends by PPDW-to-coaxial transitions, are designed and tested.
ther, if a PPDW will be used in place of a stripline, any parfhe experimental results validate the theoretical data and
allel-plate radiation from a coaxial probe or a slot (needed fdemonstrate the practicality of the transition.

transition across a metal plane) will be confined and guided byFirst, Section Il briefly discusses the characteristics of the
the surrounding PPDW structure due to total reflection froPDW itself, followed by the analysis and circuit modeling of
its outer dielectric interfaces. This is in distinct contrast to the coax-to-PPDW transition presented in Section Ill. Com-
stripline structure, where any voltage applied or dynamically iputed data for the transition and experimental results for a pro-
duced across the parallel plates cannot be confined locally, botyype design are presented in Section V.

turns into the unwanted parallel-plate radiation. In addition to

the above strategic advantages of a PPDW, it is also a lower loss II. PPDW CHARACTERISTICS

waveguiding medium compared to a printed line. Printed lines . I .
are usually lossy at higher frequencies due to high currents afl "€ geometry of the PPDW, together with the excitation using

the sharp edges of the metal strips. In contrast, the PPDW dgéaxial probe at the center, is shown in Figu Is the width of
not use any metal edges for guidance, with most of the sigr'ig? central dielectric strip anfdis its height. As discussed, our

power confined in the dielectric medium, leading to the reducus here is on the fundamenték, o mode in the waveguide,
tion in the loss. the profile of ther-directed electric field for which is also shown

It may be mentioned that the physical structure of tr%longside Fig. 1. In order to be compatible with the coordinates
PPDW is similar to anH-guide, or a noradiative dielec- used in the analysis of Section Ill, in Fig. 1, we have ugexs
tric (NRD)-guide [7]-[9]. However, both theH- and the the direction of propagation, and thez-plane as the cross-sec-

NRD-guides chose to use higher order modes of the structliff1al plane of the PPDW guide. The dielectric constant of the
for their operation. These higher order modes have cut&fntral guide is equalte, and that of the surrounding medium
behavior, and would require thick parallel-plate separatign: With ¢ > €. ¢;, in general, can take any value less than

for operation, particularly for lower frequency applications. Following a standard prac.t|.ce,_all the guided modes in the
In addition, multimodal behavior of the NRD- arfd-guides PPDW structure can be classified into two complementary mode

lead to complexity in layer-to-layer transition designs andets i.e., th&'E., transverse electric to thedirection, and the

mode-suppression arrangements. In contrast, the PPDW usf&: transverse magnetic to thedirection. Solving for the

the fundamentalTE;, mode, which operates down to dcMaxwell's equations, separately for &%, and’TM. modes,
allowing the use of thin waveguides for a range of microwavith proper boundary cond|t_|0ns [2_2]’ thg dlsperglon behaviors
and millimeter-wave frequencies. The single-moded operati8f1va”°“3 modes can be derived. Dispersion _reIauonforthe fun-
of the PPDW will also allow the design of simple transitiond@mentallEiy mode (the PPDW mode), which can be shown
(as presented in this paper) without the multimodal excitatidh be the same as that for an infinite dielectric slab of thickness
problems faced by the NRD- arfd-guides. a, can be expressed as [22]
Design of suitable methods of excitation/coupling is the
first step to future applications of the PPDW. In this paper, i, [7( < (e./es —1) )
we will present the theoretical and experimental investigation Ve /es —ecfes)
of a coaxial excitation to a PPDW. Coaxial transitions have Q)
been successfully used to excite microstrip structures [10]-[13]
and rectangular waveguides [14]-[19]. Here, we will show, is the wavelength in the outer dielectric medium,
that the coaxial transition can be successfully used to excite = (,/ko)? is the effective dielectric constant of the
a PPDW from across one of its ground planes, as show®PDW mode, wheregs, is the propagation constant of the
in Fig. 1. The principle can be extended to multiple layer&PDW mode, and, is the free-space wavenumber. Fig. 2
with the probe connecting to PPDWSs across isolation mettiows the dispersion curves of the PPDW mode (fundamental
planes [20], [21]. This will facilitate the use of the PPDW inl'E;, mode) along with those of higher order modes of the
multilayer microwave/millimeter-wave circuits. We will first guide, computed foe, = 1.0, ande. = 10.8. These curves
briefly discuss the propagation and modal characteristics arfe generated for a specific width-to-height ratio of the central
the PPDW itself, as relevant to the modeling and design of tdelectric guide(a/b = 1), but serves to illustrate the general
coaxial-to-PPDW transition. A spectral-domain analysis wilbehavior of the fundamental mode in relations to the other
then be used to model the coaxial-to-PPDW junction, where thigher order modes. As can be seen in Fig. 2, the fundamental

) feclen = euten)] =
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Fig. 2. Dispersion curves for the fundamental PPDW modeTtlig; mode),
along with other higher order TE and TM modes of the waveguide structure for
a/b=1e. = 10.8,¢, = 1.0.

Fig. 3. Geometry of an equivalent problem used for solving a coax-to-PPDW

transition. The equivalent geometry is obtained via imaging over the parallel
TE;0 mode is the only mode that propagates down to dc. Tﬁl@und P'a}”els of th_z EP%\(V- Thhe coaxial pr?]be LS_ approximated %Sthi” strip

. . Lo . of an equivalent width. Through imaging, the thin strip is extended into an

TMio modg, thh_ reqU|res.eI.ectr_|c-f|eId pomponents inthe infinitely long strip of current in ther-direction, placed at the center of a
andy-directions, with no variation in the-direction, cannot be dielectric slab of infinite lateral extent, and thickness

sustained due to conflicting boundary conditions required on

the parallel conducting planes. Using the coordinates descri (rjee- ort circuit (with probe input as one of the ports) and
before, theT'E;; mode has only one component of the electri P P P . P
the other two PPDW ports are symmetric to each other. For

field £ and two components of magnetic fields, and .. complete characterization of the three-port circuit, we first
Dispersion data and cutoff limits of the higher order modef PIete L P o
agalyze with a currenf, injected on the probe input, with

similar to those shown in Fig. 2, are used for the analysis a . .
design of the coax-to-PPDV\?transition in Section Il Y {he other two PPDW ports match terminated (equivalently,
. . : . ' .having an infinite-long PPDW extending infinitely in both
As mentioned earlier, the PPDW, unlike printed transmlg- —di?ections ) In the sgecond step, we exgite one o¥the PPDW
sion-line structures with parallel metal planes (striplineél,cgrts with an' incident PPDW mo’de having an unit voltage
conductor-backed slotline, conductor-backed coplanar waey . : 9 . ge,
guide) has a critical advantage of confining power in thWh|le the other waveguide port is match terminated, and
- : . - . the probe port is terminated with a short circuit. Under this
central guiding region, without radiating or leaking into the ndiition, for simplicity, the waveguide may also be physically

surrounding parallel-plate modes. The parallel metal plates o‘f%[ R . .
PPDW will also serve to provide isolation between two stackeeq; ended to an |.nf|n|te I_ength in both sides. The r.esults. of the
ove two solutions, with proper symmetry considerations to

layers in the fabrication of multilayer microwave integrate - .
. o eat excitation from the second PPDW port, will completely
A I h hough the f | PPD ) . . '
circuits. As it will be shown, though the fundamenta Igljescrlbe the coaxial-to-PPDW transition. The two steps of the

mode is non-TEM, its field configuration in the central regio olution will be presented separately in Sections H11-AllI-C
behaves like a quasi-TEM field with naturally definable voltagg ution wi P P yi ! A '

and impedance. This feature enables the PPDW to be excited
without complex transition arrangements. In fact, the coaxigl
probe can be simply placed at the center of the dielectri¢
strip with the center conductor of the probe connected to theIn order to simplify the analysis, we replace the coaxial probe
opposite metal plate (see Fig. 1). Theory and experiments shg '

that, with proper design parameters, radiation loss in suctPh2 cylindrical cross section with a current strip (henceforth,

. . . o - m?erchangeably referred to as a current strip or probe) of an
feeding configuration can be maintained at a negligible Ievel'equivalent WidthV — =, wherer is the radius of the cylin-

drical probe. This should be a reasonable treatment, expected
to maintain the essential characteristic trends of the original
cylindrical probe. The method of imaging is then applied to
lll. COAX-TO-PPDW TRANSITION ANALYSIS the current probe/strip, which leads to an infinite number of re-
flections about the two parallel metal planes. As a result, the
In order to understand the efficiency of excitation/couplingoax-to-PPDW transition geometry of Fig. 1 is transformed into
of a coax-to-PPDW transition, and the input-impedance cham equivalent problem having an infinitely long strip, embedded
acteristics, we perform a detailed theoretical analysis usihglfway inside an infinite dielectric slab of thicknegs The
a spectral-domain method. We assume that the PPDW Ieaglivalent geometry is shown in Fig. 3. The actual surface cur-
been properly designed, based on the earlier discussionsyetot J, on the strip is assumed to flow only along the longi-
ensure a single-modal operation. The geometry of Fig. 1 igwinal directionz, with uniform magnitude over the width, as

Current Excitation of the Probe
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well as the length of the strip. This is known to be a good agdso, within the region of the parallel plates, the actual electric
proximation for narrow strips (or, equivalently, thin probes) anfield E, produced by the thin current strip is equa@@ of the
thin PPDWs (smalb). Thus, we have equivalent problem. Substituting the expressiorﬁgﬁrom (5)

in (6), and using/. from (3), we have

il < Woca<t
- L= Y= = € ;
T =4 W =7 @ , __ b /(W”d {/+mdk?¥ (kw = 0,k,)
0, |yl>550<e<d SR TAER AT U SR =t
. : : L E,WN L
where the unknown parametgr is the total input current into -zl sinc | Z— ) ™Y L | 2=
the coaxial probe. After the imaging of the actual current, the N 2 w
i in Fi ' b g = k,W
equalent_pr_ol_olem, as shown in _F|g._3, can be seen as a ribbon _ _ Y / dk, |G (ke = 0, k,) - sinc -
current of infinite extent in the-direction, of widthW in the 27 J_ o
y-direction, and zero thickness in thedirection. This infinite . kW
current stripJ. can be represented as &sie
I, tee s w
. T—, ly| € —; —o0o <z < 00 =—— dk,Gg, 5, (ks =0,k )SlnC2< ) @)
Je(xvy) = w W 2 (3) 2m -
0, ly| > > —oo < & < +oo. and

In the spectral domain, this equivalent current can be repre-

c Goi (ko ky) 2] & =Gr. s, (ko ky).(8
sented as its Fourier transforf(k,., k, ) Gz ( v) -] 2. ( v)(®)

~ 400 (W/2) E?E 7, (kz, ky) is the spectral Green’s function component for
Tk, ky) / dx/ dyiro Lo itkawth,w) the z-directed electric field on the = 0 plane, produced due
W/2) to az-directed electric current placed on the same plane. The
— 276(k,) I, sinc </ny) & (4) medium under cons_ideratio_n is t_he dielectric slab o_f the equiv—
2 alent structure of Fig. 3, with thicknegs Both the dielectric

slab and current strip are parallel to they-plane. The Green’s

9unct|onGE 7. (ks, k) of the equivalent problem can be found

from the multllayer Green’s function approach of [23], [24]
G 7 denote the spectral dyadic Green’s function for an electric

field £, produced due to an electric currefitplaced on theg, ; (k. =0 ky) = — <ﬂ>

Let Ea andEe denote trle actugl and equivalent electric fiel
generated by the currentg and.J., respectively (Fig. 3). Let

z—y-plane of the probe = 0. We can evaluate the electric field Eeds o 25
due to the currenf, as follows: N </31cos(/31a/2) +j[32sin(/31a/2)> ©)
B | oo too o . JBisin(fra/2) + PBacos(Bra/2)
be = 472/, dky | dkyGpg - Joeltem ey B =k —a (10)
T +oo o P2 = kZes — a?, Im(B2) < 0 (11)
el L /ﬂ) dky Gp5 -2 o =k +k =k (12)
- 276(ky) 1, sinc <kyW> Cj(krw+kyy)} Substituting the Green’s function of (9) into (7), we obtain
2 the following spectral integral for the input impedance of the
1 [t = E,WYN ial be:

G) 5 — b /+°° wi \ [ Preos(Bra/2) + jPasin(Bra/2)
w 47 oo [31 ][318111([31@/2) + ﬂgCOS(ﬁla/Z)
The input impedance’;,,, seen at the input of the probe by a ) < W
X sinc

delta-gap voltage source, can be expressed in terms of the total
complex powerP;, delivered by the current strip

p This integral is evaluated numerically, but care must be given

° in order to deform the contour around the singularities of the

) dk,. (13)

Zin

|IO|2 Green’s function, and include the resulting residue contribu-
_ / /(w ) dE. . J* tions. It can be shown that, under the condition of a single-modal
|—70 (W/2) Yla operation of the PPDW, the Green’s functig?}grjx (ky =
(L4E) . 7 0, k,) has a pair of singular points, = +4,, on the real axis.
= | o2 /_ wr2) dyEe - J, (6) Bp = koy/¢. is the propagation constant of the PPDW wave-

guide mode, which is same as the fundameiital; mode of
Integration with respect to has been effected immediately bethe dielectric slab structure in the equivalent problem of Fig. 3.
cause the integrand is independent afithin region0 < =z < b. The residue contributio¥,.; can be found analytically, and
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A

then added to the rest of the principal-value integrafforob- X
tained numerically as follows: ground planes
Zin = Zres + Ze. (14) Parallel-Plate Dielectric Waveguide

In order to avoid any numerical difficulties in computing the =

ot . L . W E
principal-value integration, it may be useful to extract out the TE; 1, '
singular part [1], [2] [25] from the integrand, leaving a well- VAV RE;=Fy AN
behaved smooth function for convenient numerical integration. — v

Applying residue calculus to (13) [26], the residue contribution

Z.es Can be derived and simplified as ; o o
conducting post inside dielectric guide

Zres Fig. 4. PPDW mode with electric field;, incident on a coaxial probe located
— _bisinc? /3pW Res 5 (k — 0.k ) at the center of the PPDW. The other port of the PPDW is match terminated.
J EoJe \Mz >y The input port of the probe is short circuited, allowing an induced curiént
to flow on the conducting probe.

kyzf,ﬁp

(15)
e </3PW> <7r770b> < 1—(es/ee) ) (16) needs to use an appropriate circuit model, to be developed in

2 Ao 1+ Emfec— ¢, the following sections, in order to account for the effect of any
termination on the total circuit efficiency.

wheree. = (8,/k,)? is called the effective dielectric constant
of the TE;, mode 7, is free-space wave impedance, agds B. Incidence From a PPDW Port
the free-space wavelength. The widithof the strip (or, equiva-  Fig. 4 shows the situation when one of the PPDW ports is ex-
lently, the diameter of the probe) is normally much smaller thagked by anincomin@’E;, wave, i.e.E;cif¥ while the second
(A/y/ee), such that(3,W/2) < 1. Under this condition, for waveguide port is match terminated and the probe input is termi-
all practical purposes, thénc” function in (16) can be approx- nated with a short circuit. As shown in Fig. 4, a currégts in-
imated as unity. Consequently, the expressioQf in (16) duced on the probe, assumed intheirection (see Figs. 1 and 3

may be approximated as for coordinates), which produces the reflected fil,; c—7%+v
returning back to the input port. Due to symmetry, an outgoing
Tob 1T—(es/€0) scattered fieldRE;c’“¥ of the same magnitude as the reflec-
Zves = 2o 1+ (17)  tionis also proguced at the second PPDW port. This adds to the
T Ve e incident field E;¢/%»¥ to constitute the total transmitted field

. . _ TE;eifY resulting in the following relationship:
The residue parZ,., can be interpreted as due to the excita- © g 9 P

tion of theTE o surface-wave mode of the dielectric slab in the T'=1+R. (20)

equivalent structure of Fig. 3, which corresponds to the excita-gqr convenience. let us normalize the incident figld such

tion of the PPDW guided mode in the original structure of Fig. 3 o+ the incident voltag®; is -1 V (positive E.;) as follows:
It may be seen from (17) thaf., is a real number for lossless

dielectrics withe, < e. < ¢.. The principal-value contribution Vi=-bEy(z=0)=-1 (21)

Z., on the other hand, is a complex number with both real aggl in other words, the component of the electric field,; of
Imaginary parts: the incident wave, at the center of the PPDW 0 plane), is

Ze = Rrad + 5 Xcons- (18) equal tol/b V/m. Let us find the guided-wave electric fields,

) ) ) propagating in thet-y-direction, produced due to the induced

_ The real part&,,q is contributed by the power radiated; rent; 1, on the probe. The component of this field can be
into the top and bottom open media in Fig. 3 or, equwalentlgquated to that of the reflected waR&,; = R/b V/m. This
to the parallel-plate mode in the medium surrounding theohiem can be treated using the same formulation used earlier
PPDW (with dielectric constant,). Hence,fiaa aMounts 10 (o the first part of the analysis in Section Ill-A. The equation
undesired loss, in contrast #., which is attributed to useful ;¢ he electric fieldE. in (5) can be used here again. If only the

guided-mode power excited in the PPDW. The imaginary pajf;ijed-wave part of the field, propagating to the input port (with

of the impedanceX,.., determines the additional reactivea variatione=7%»%) is needed, residue theory can be applied to

loading produced by the coaxial probe. We may define thgy 1aking only the: component of (5), and properly deriving
efficiency p of the transition as the ratio of the useful guide e residue contribution. we obtain

power to the total power excited by the probe as follows:

3,W
b Zres (19) RE.; = jlo sinc</ ”2 )
Zres + Rrad ’
The above definition is applicable for a two-sided excitation, % Res 5F g, (kw = 0,k,)
as shown in Fig. 1. For an excitation to one side of the PPDW e N Y ky=—B,

be different depending on the stub reactance. In that case, one =

guide, while the other side is stub terminated, the efficiency will R 22)
z.
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Parallel-Plate Dielectric twice that of Z..;. A simple transmission-line circuit theory
Waveguide may be used to verify the following:
AL
- I Lo = 2. (28)

This relationship, together with the expressionf; in (17),
provides the following design equation for the characteristic
impedanceZ, of the PPDW, normalized tgy(b/\o):

Ze _ 2Zres o V1—e/ee (29)
770)\% 770)\% 14+ Emy/eefes — 1
equivalent circuit Once the effective dielectric constantis known from (1), the
of coaxial probe normalized expression of the characteristic impedance in (29)
can be computed independent of any specific value of the guide
thicknessh. Observe that the characteristic impedance varies
proportionally with thicknes$. This allows design of higher
Fig. 5. Equivalent circuit of the coaxial-to-PPDW transition of Fig. 1. levels of impedance just by increasing the substrate thickness
However, the upper limit fob is constrained by conditions for
Now, comparing the expression éf.s in (16) with (22), and higher order mode excitation.
approximating the abovginc function to unity for smallWw, It is useful to show that the above expression (29) of the char-
the following simple relationship betwedp, R, and Z,., can acteristic impedance also follows a power—voltage definition
be obtained:
P
Z.=—
R= —1yZyes. (23) vz
N N ) where P is the total cross-sectional power aidis the inte-
In addition, the boundary condition on the conducting post Mugfation of the electric field across the parallel plates, computed
be ensured as follows: along the center of the guide = 0) (equivalent voltage). For
E. + Eeifrv = 0, 0<z<b |y < w (24) the PPDW mode, the fields haye no variation in thdirection
2 and, thus, the voltageé can be simply calculated &&= —bE,..

whereF, is the scattered field (of the image equivalent problenY deriving the field expressions for the PPDW mod,
due to the induced probe curreify. This condition can be mode) and using the propagation constant of the guide from (1),
enforced by a testing procedure in the following form: P can derived as the integrationBf, H* over the cross section.

b (w/2) , W/2) The expression af” can then be used in (30) and simplified to
/ da:/ dyE, . T +/ da:/ dyF, . J* =0 show that the same expressionf as in (29) is obtained. It
0 ' 0 ‘

(30)

T

—(W/2) —(W/2) ' " may be mentioned here that the power—voltage definition (30)

(25) of the characteristic impedance is commonly used for TEM or

) _ ) . quasi-TEM transmission lines. Though the PPDW mode is not
Using (3), (6), and (21) in (25), we can obtain the following, gy or quasi-TEM mode, in this respect, the PPDW line may

relationship between the inputimpedatifg, seen by the probe ¢ e ated like a TEM transmission line for circuit modeling pur-
in the first part of the solution (in Section IlI-A) and the currenboses_

Iy, now induced on the probe:
1
(26) IV. RESULTS

o 4 First, we present results for the equivalent characteristic
The unknown current, may be eliminated from (23) and (26)impedance of the PPDW from (29), as “seen” by a coaxial

_Zin|Io|2 +16 =0 IO —

to obtain transition. In Fig. 6, we have a plot of the normalized value of
s Z. = 2Zyes, as a function ofa/A;) = (a/Xo), with e. = 10.8
R= _Z—in. (27)  and e; = 1.0. The cutoff boundaries of th&E,, and TE5

modes are also shown in Fig. 6 in order to identify regions
. o of single-modal and multimodal operation. TH&E,, and
C. Equivalent Circuit TEs, modes begin to propagate whém/)\,) > 0.16 and
The two-part analysis presented above in Sections IlI-A aifid/\g) > 0.32, respectively, independent of the substrate
I1I-B provides a complete representation of the coax-to-PPDWicknessy. The cutoff frequency of th&'E;; mode, however,
transition. Based on all the governing equations, i.e., (143,a function of the ratia/b, and will determine proper design
(18), (20), and (27), we can derive an equivalent circuit faf the thicknes$ in order to avoid thél'E;; mode. It may be
the coax-to-PPDW transition of Fig. 1. The equivalent circugieen from Fig. 6 that, for any desired value of the characteristic
is shown in Fig. 5. For the circuit of Fig. 5 to be consisterimpedance, there are, in general, two possible valuestbét
with (14), (18), (20), and (27), the value of the characteristman meet such a requirement. The characteristic impedance
impedanceZ. of the PPDW is required to be approximatelypeaks at aroung:/Ag) = 0.044. In this region of(a/ ), the
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Fig. 6. Characteristic impedance of a PPDW, normalized(ieb/Ao), (l//\()
computed as a function dfe/Xq), showing cutoff ranges for higher order
modes.
Fig. 8. (b/X0)max for TE1; cutoff versuga/Aq) for the PPDW of Fig. 7.
£~10.8 £=1.0 ¢. = 10.8 ande, = 1.0, the absolute maximum value of char-
o0 increasing TE TE acteristic impedance one can obtain is approximately 850
20 30 .
bid, cutoff cutoff which corresponds tth/\o) = 0.375 and(a/\o) = 0.027.
s00r Kb/ o TE,, In Fig. 7, single-modal operation is normally guaranteed in
=0.375 . .. .
& cutoff the region limited by thd'E,, andTE;; modes. However, in

applications where there is even symmetry of the electric field
about thez = 0 plane, the modd'E4q (which requires an odd
symmetry of£,, aboutz = 0) will not be excited. Under such

N

F=3

3
T

region of

300+ single mode circumstances, the region limited by thé:;o andTE;; modes
OPera“t"“d can be considered the practical range of single-modal opera-
guararice tion. Consequently, under the physical symmetry, more flexi-

[
=3
=3

bility is exercised in the design of the characteristic impedance.

\ For a probe-to-PPDW transition, the probe is ideally placed at
\ the center of the guidéz = 0), which means the electric field
\‘\\&\_

——

k—___

Characteristic Impedance Z., (Q)

100 i
= has an even symmetry about the- 0 plane. Therefore, Fig. 7
may be used to design the PPDW covering a broader range of

O 005 o1 015 o2 03 03 035 04 parameters, limited by tHE€E3q mode, not by thd'E»; mode.

Following the derivation presented in Section Ill, we com-
putedZ.,., R..q, and efficiencyp [as defined in (19)] as a func-
tion of (a/Ag) for e = 10.8 ande; = 1.0. The results are

Fig. 7. Design data for the characteristic impedance of a PPDW, plotted : : - : .
different values ob/ X, in increments ofA(b/Xq) = 0.025. The upper limit %Own in Fig. 9 withZ;; and Ry,q normalized with respect to

for the characteristic impedance is governed byERa ; cutoff. TheTE- and  (1700/ Ao ). It can be seen that the efficiency attains a maximum
TEso cutoff limits are also shown, which limit the maximum value(af Ao)  of about 95% fo.05 < (a/Xo) < 0.2. This suggests, in order

that can be used. The region of single-modal operation is shown. to design an efficient coaxial transition, one should design the
PPDW to operate in the above range{af \o). Notice that in

characteristic impedance is relatively less sensitive &amd/or the absence of the PPDW (equivalently Ao) = 0), there is

Ao, Which may be useful for an optimum-bandwidth design. significant radiation, which is successfully suppressed to a very
In F|g 7, we p|ot the characteristic impedance for diﬁereA@W level by the PPDW due to total reflection from the dielectric

values of(b/\o) (in increments of 0.025), also showing the reinterfaces.

gion of excitation of thé&'E.;; mode in addition to th&'E»q and Fig. 10 shows the normalized reactan<g,,, of the transi-

TE3, modes. As mentioned, the characteristic impedance timn of Fig. 9, but with different values afi¥/A¢). The reac-

creases proportionally witth/\o). However, for a given value tance is seen to exhibit rather weak variation with respect to

of (a/Ag), there is a maximum value db/\o) and, hence, the width a of the PPDW, except whea is too small. This

a maximum limit for the characteristic impedance, which cas expected becausk,,... is contributed by the reactive near

be used without exciting th&€E,; mode. This maximum limit fields of the coaxial probe, which is dominantly affected by the

of (b/Xo) is shown in Fig. 8, which using th&E,; limits for medium in the immediate vicinity of the probe. However, when

the characteristic impedance in Fig. 7 have been calculated. kEds too small, the probe tends to “see” the air, which results

Normalized Frequency, a/A.
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Fig. 9. Computed design data for the real parts of the input impedances

Zes and R, .q normalized to(nob/Ag), as seen by the input probe, plottedFig. 11. Normalized¥ ...« for the same parameters of Fig. 10, but plotted as
as a function of:/Aq. A reasonable value df"/A; = 0.017 is used in the a function of(1¥/X,) for three values ofi/ Ao (=0.1,0.15, and0.25).
calculations.Z,.; is contributed due to excitation of the guided wave along
the PPDW, wherea®,.4 is the due to radiation loss into the parallel-plate .
mode in the surrounding medium. The data for the efficiency of excitation, anple, the data fOW/)‘O = 0.0166, where the normalized re-

defined in (19), is also plotted, showing a maximum of approximately 95% f@ctance in the central range @f \g is (XcoaxAo/m0b) = 2.3.

a double-sided excitation. The same level of the normalized reactance we obtained from a
b cylindrical probe in a uniform medium having Ag ~ 0.005.
{ =108 =10 This establishes an estimate for the ratio between equivalent

andW:(W/r) ~ (0.0166/0.005) = 3.32. This ratio is close
to 7, which means the equivalent widi for the uniform cur-
rent strip is close tarr or about half of the circumference of
the cylindrical probe. This is sensible, as one would normally
guess/estimate. The equivalent width is found to be some-
W/=0.001 what larger(W ~ 4r) if one treats the current distribution on
the strip more rigorously, having a realistic edge-condition at the
4r strip edges, instead of the uniform current distribution assumed
W here [15]. However, once a suitable equivalence is established,
all basic characteristic trends for a cylindrical probe in a PPDW
W_/ is expected to follow those we have computed for the equivalent
0 - ‘ : s : : strip excitation.
0 0.05 0.1 0.15 02 025 03 .. . .
The variation of the reactance as a function of the normalized
Normalized Frequency, a/k width (W/Ao) of the probe is shown in Fig. 11, for different
Fig. 10. Computed values of normalizéd...x for the probe transition of values of t,he gwde Wldtm/)‘o' .Con.S|sten.t .W.Ith Flg' ,10’ the
Fig. 9, plotted as a function af/ \,. Data for three different values ¥/), reactance in Fig. 11 shows relative insensitivitydgo) in the
are plotted for comparison. range0.1 < (a/Xo) < 0.2. In addition, the reactance is seen
to rapidly increase for too narrow probes, which suggests the
in an increase of the reactance, as seen in Fig. 10. The proise of such narrow probes should be avoided. The trend is seen
reactance would also change significantly for very large valutss be logarithmic for narrowd’, which is consistent with that
of a/\o, due to excitation of higher order modes. However, wexpected for a probe with smail
have limited the maximum data range in Fig. 1@ < 0.3,
where the PPDW supports a single mode, which is of practic%\i
interest here. Fig. 12 shows the geometry of a prototype coaxial-PPDW-
It is useful to establish an equivalence between the radiugoaxial transition that we have designed and fabricated. The
of a cylindrical probe and the widti# of a flat strip that we PPDW is designed with a widtlh = 14.4 mm, thicknesd =
are considering here. We observe the reactance in Fig. 10 fdr.@8 mm, and dielectric constaat = 10.8 for the central guide.
metal strip in a PPDW, in the regidnl < a/\o < 0.2, where The outside dielectric is air (i.e-; = 1.0). From Fig. 7, this set
it is more or less insensitive to the guide widthas explained of parameters is selected to provide a characteristic impedance
above. It is meaningful to compare this reactance to that ob& approximately 50, at the design frequency of 2.5 GHz,
cylindrical probe in a uniform parallel-plate medium with thdor convenient matching to 5Q-input ports. Metal plates are
samee, = 10.8. This is a simpler problem, which we haveused to form short-circuit planes for the PPDW, using which
separately solved using a standard analysis [14], assuming @lmert-circuit stubs are made for tuning. The stub lendths=
rent flow only on the surface of the cylinder. Consider, for ext2 are designed to be quarter-wavelength guides at 2.5 GHz,

<
T

=N

[

Normalized Reactance, A,y_Z_QCO(lW\
1ob
oo

Experiment
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\n - Fig. 14. Real and imaginary parts of the equivalent impedance of each
cross-section coaxial-to-PPDW transition used in the prototype geometry. PPDW
B-B dimensionsa = 14.4mm,b = 5.08 mm,e. = 10.8,¢, = 1.0. Diameter
of coaxial probe= 1.27 mm. Width of the equivalent strip approximation
W = (1.27x/2) mm.
cross-section
A-A’ 0
P cd - - ,\ = -~
Fig. 12. Prototype geometry of a two-port coax-PPDW-coax transition used \ S A
for experiment. -0.48 dB @2.5 GHz \\\_J"‘ 10 5
i ~ i b+
\ ~—~—
* theory : -15 &_-
PPDW T a
short circuit stub PPDW waveguide - measured : k] D)
- L) > < Ld . o LZ 0 ‘\ _25
Pigiatmiintiy ~ 4
. aol e NN TN Y
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lequivalent circuit -50 : : i
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freq(GHz)
50 Q// Port 1 30 Port 2 Fig. 15. Measured and computetbf) insertion loss andhtton) return

loss of the prototype coax-PPDW-coax transition. PPDW dimensions:

Fig. 13. Equivalent circuit for the coax-PPDW-coax transition of Fig. 12. ¢« = 144mmb = 5.08 mme. = 10.8,e, = 1.0. Stub lengths
L1 = L2 = 38 mm. Length of the connecting PPDWd = 140 mm.

Loss tangent of the central dielectde .0028, metal conductivity (brass)
in order to result in open circuits at the planes of the coaxial !-2%¢7 S/™-
probes.

The equivalent circuit of Fig. 5 for a single transition is ex- The insertion loss 065; of the coax-PPDW-coax transition
tended in Fig. 13 to provide an equivalent circuit for the two-poit measured on a network analyzer, and the results are com-
prototype of Fig. 12. The probe reactan¥g,., and the radi- pared with the theoretical computation in Fig. 15 (top) (inser-
ation resistancei,,q rigorously account for the effect of thetion loss) and Fig. 16 (Smith chart plot 8%;). There is good
probe. X coax, Rraq, andZ,.s (Which is about half of the charac-agreement between the theory and experiments in both mag-
teristic impedanceZ..) for the prototype design are computediitude and phase, which follow most of the characteristic fea-
over the frequency range of 2-3 GHz, as shown in Fig. 1tures. For a proper evaluation of the performance of the proto-
The actual coaxial probe is cylindrical in shape with a diantype, we have also included in the calculations the material loss
eterd = 1.27 mm. As discussed in Section Ill, the widiW  due to the metal and dielectric media, using available values of
of the equivalent strip used in our model(is/2)d. It can be the conductivity or loss tangent of the respective media (through
seen in Fig. 14 thaR,,q is less than 1.%2, compared to the a perturbation model of loss). This is because the length of the
guided-wave impedancg,.. of approximately 25, which PPDW between the two ports of the prototype is significant in
translates to an expected value of about 97% (0.13 dB) for theder for the loss to be ignored. Calculatggl with material
efficiency [£2Z,es/(2Z1es +Riaa) fOr a single-sided excitation] loss is found to be-1.89 dB at 2.5 GHz, while calculatefh,
of excitation for a single transition. without loss is—1.52 dB. This amounts to approximately 0.37
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Fig. 17. Measured and computedg) insertion loss andpttorn) return loss

of a prototype coax-PPDW-coax transition, designed with a narrower guide
Fig. 16. Measured and computed Smith chart plofof for the geometry of ' width « and a smaller guide thicknesscompared to those for Fig. 15. PPDW
Fig. 15. dimensionsz = 5 mmb = 2.54 mm,e. = 10.8,¢, = 1.0. Stub lengths

L1 = L2 = 10 mm. Length of the connecting PPDWd = 225 mm.

Loss tangent of the central dielectre .0028, metal conductivity (brassy

dB of loss in the conductor and dielectric strip of the waveguide>8e7 S/m.
itself. Measurement at 2.5 GHz shows approximately 0.48 dB
of total insertion loss. If one excludes the above calculated ma-

terial loss of 0.37 dB in the waveguide, the experimental value FAN X b °

of 0.48 dB translates to 0.11 dB of total insertion loss due to SN = 5

the two coaxial probes at the two ports or, equivalently, to only / 08B @2386Hz — K 03

0.055 dB (negligible) of radiation loss per one coaxial probe. / ' : ; \ ,A 15 =

This may be compared to the estimated value of approximatel’ ~—-~~ theory 3 \_ “ 20 &

0.13 dB from computation, which was discussed earlier. ——— measured ' N
Notice in Fig. 15 (top) that the experimental value of insertion 0 Ve U NN - 7125

loss at 2.5 GHz is actually better than the calculated value by ap@ -10;- - Y [ NN ,,’m,'

proximately 1.5 dB. The difference is due to standing waves in= V “\v \'v'/ \{

the PPDW produced by input mismatch, not due to difference<2 x - !

in predicting the power loss. This may be evident from the rip- | ' ‘

pling trend in the computed insertion-loss result of Fig. 15 (top), =40 - 238 dB @2.38GHz

which is a typical behavior under input mismatch. We attribute -50 55 52 55 58 3

it to inaccuracy in computation of the probe reactance and to er freq(GHz)
rors in the fabrication. The input return loss for the geometry is
seen in Fig. 15 (bottom). The rippling differences in the inseFig. 18. Measured and computetby) insertion loss andbtton) return
tion loss data of Fig. 15 (tOp) translate to the more pronounc@as of a prototype coax-PPDW-coax transition, designed with the same guide
. . . . gth a, but a smaller guide thickneéscompared to those for Fig. 15. PPDW

deviations (due to decibel scale) in the return-loss data of F|g.ﬁ£ ensionsa — 14.4mm. b = 2.54 mm. e, = 10.8,e, — 1.0. Stub lengths
(bottom). L1 = L2 = 38 mm. Length of the connecting PPDWd = 140 mm.

To study the probe reactance further. we repeated sik§ss tangent of the central dielectrie .0028, metal conductivity (brass)
. . ’ =,1.58¢7 S/m.
ilar procedures to design and test two more prototypes of
coax-PPDW-coax transitions, having different sets of guide
width ¢ and guide thickneds For both of these cases, we choseases over the frequency range of observation is approximately
a smaller guide thickneds = 2.54 mm, which is half of that 0.8 dB. However, unlike the return-loss results of Fig. 15
for Fig. 15. The first prototype is designed with approximatelgbottom), we have closer agreement between the theory and
50«2 characteristic impedance, but with a narrower width afxperimental data for return loss in both Figs. 17 (bottom) and
a = 5.0 mm, while the second prototype is designed witi8 (bottom). The probe analysis and/or the circuit model seem
approximately 252 characteristic impedance with a widetto be more accurate for the thinner guides of Figs. 17 and 18.
width of « = 14.4 mm. The insertion loss and return loss-or a thicker guide, one may need to account for higher order
results for the first case are shown in Fig. 17 (top) and Fig. Xarrent variation along the probe for accurate modeling of
(bottom), and for the second case in Fig. 18 (top) and Fig. 118 probe reactance. One may also need to account for higher
(bottom), respectively. As with the insertion loss results arder evanescent coupling between the probe transition and any
Fig. 15 (top), we also see good agreement between theamarby termination at one end of the PPDW. It may be noted
and experimental data for the insertion loss in both Figs. iffat such evanescent coupling is not included in the circuit
(top) and 18 (top). The best insertion loss achieved in bothodel of Fig. 5.
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V. CONCLUSION [11] W. J. Tsay and J. T. Aberle, “Analysis of a microstrip line terminated
with a shorting pin,"EEE Trans. Microwave Theory Techol. 40, pp.

We have shown for the first time that, when properly de-  ©645-651, Apr. 1992.

signed, a coaxial-to-PPDW transition can be used as a simp

iéZ] J. T. Aberle, D. M. Pozar, and C. R. Birtcher, “Evaluation of input
impedance and radar cross section of probe-fed microstrip patch ele-

and efficient method of exciting the PPDW. This is contrary to ments using an accurate feed modéEEE Trans. Antennas Propagat.
some misconception in the past that any transition in the fun- _ vol. 39, pp. 1691-1696, Dec. 1991.

damentall'E;o mode of a PPDW would be too inefficient due

13] J.X.ZhengandD. C. Chang, “End correction network of a coaxial probe
for microstrip patch antennaslEEE Trans. Antennas Propagatol.

to severe radiation to its surrounding parallel-plate medium. 39, pp. 115-117, Jan. 1991.
We conducted a theoretical investigation of the coaxial transii4] R.E. Collin,Field Theory of Guided Wave8nd ed. New York: IEEE

tion using a spectral-domain formulation, by approximating the,

Press, 1991.
5] N. Marcuvitz, Waveguide Handbook Stevenage, U.K.: Peregrinus,

probe as a thin conducting strip. Useful design data for the radi- =~ 1986, ch. 5.11.

ation

tion were computed. Based on the theoretical data, experimental

loss, efficiency, and input impedance of the coaxial transikl6] M. E. Bialkowski and P. J. Khan, “Determination of the admittance
of a general waveguide-coaxial line junctioff?EE Trans. Microwave

Theory Tech.vol. MTT-32, pp. 465-466, Apr. 1984.

prototypes of two-port circuits, consisting of two coaxial tran-[17] M. E. Bialkowski, “Analysis of a coaxial-to-waveguide adaptor incorpo-

sition

tested. As the experimental and theoretical results indicate, witHS]

s at the two ends of a PPDW guide, were designed and rating a dielectric coated probdEEE Microwave Guided Wave Lett.
vol. 1, pp. 211-214, Aug. 1991.

R. L. Eisenhart, P. T. Greiling, L. K. Roberts, and R. Robertson, “A

proper design, an insertion loss on the order of 0.1 dB could  useful equivalence for a coaxial-waveguide junctidEEE Trans. Mi-
be achieved from a single coaxial-to-PPDW transition. Good  crowave Theory Techvol. MTT-26, pp. 172-174, Mar. 1978,

agreement between the theory and experiment confirmed el

J. M. Jarem, “A multiflament method-of-moments solution for the input
impedance of a probe-excited semi-infinite waveguid&EE Trans.

validity and accuracy of the analysis and design data. More ac-  Microwave Theory Techvol. MTT-35, pp. 14—19, Jan. 1987.
curate models may be needed for modeling a probe transitidd0] J. J. Hug, “A probe-fed patch antenna array using a multi-layer par-

in a thicker guide (largeb), which accounts for higher order

curre

allel-plate dielectric waveguide feed network,” M.S. thesis, Dept. Elect.
s A . - Comput. Eng., Polytech. Univ., Brooklyn, NY, 1999.
nt excitation and coupling effects. Design of such simplg21] J. J. Hug and N. K. Das, “Multilayer feeding of microstrip sub-array

transitions is expected to facilitate the use of the PPDW as an ef-  using parallel-plate dielectric waveguides (PPDW),” IEEE AP-S

ficien

Symp. Dig. vol. 3, July 2001, pp. 586-589.

t transmission medium in mU|tI|ayer Integrated circuits of 22] R.F. Harrington;Time Harmonic Electromagnetic FieldsNew York:

the future, covering a range of microwave and millimeter-wave = McGraw-Hill, 1984.

frequ

known to be troublesome in such a multilayer environment due

encies. Conventional printed strip transmission lines arg&3] N. K. Das and D. M. Pozar, “A generalized spectral-domain Green's
function for multilayer dielectric substrates with applications to mul-

tilayer transmission lines[EEE Trans. Microwave Theory Techol.

to severe excitation of the parallel-plate mode at circuit transi-  MTT-35, pp. 326-335, Mar. 1987.

tions.
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