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Complete Characterization of Transmission Losses
In Generalized Nonradiative Dielectric (NRD)
Waveguide

Jean DallaireMember, IEEEand Ke Wy Senior Member, IEEE

Abstract—In this paper, transmission losses of the generalized
nonradiative dielectric (NRD) waveguide are modeled and pre-
sented by our closed-form equations for the design of hybrid and
monolithic millimeter-wave integrated circuits. This generalized
structure includes our recently proposed channelized NRD-guide.
Parametric effects are studied with respect to complex propagation
constant and characteristic impedance, and some useful guidelinesFig. 1. Configuration of the general NRD circuit.
are generated for practical design considerations. Calculated
results are discussed separately for the conductor and dielectric

and longitudinal section magnetic (LSM) modes. It is found that S . - .
the LSE mode may have losses, in some cases, comparable or eveft monolithically integrated NRD-guide completely compatible

smaller than those of its LSM counterpart, contradicting what has  With monolithic-microwave integrated-circuit (MMIC) design.
usually been perceived for the conventional NRD-guide design. To characterize electrical properties of the generalized
Index Terms—Closed-form equations, generalized nonradia- NRD_QUIde'.transmISSIQn loss due to its .|mperfect meta”lc.
tive dielectric waveguide, LSE mode, LSM mode, microwave, Platesand dielectric regions should be considered as a predomi-
millimeter wave, theoretical complex propagation constant. nant factor together with other parameters, namely, propagation
constant and characteristic impedance. The transmission loss
of the fundamental longitudinal section magnetic (LSM) mode
in an NRD-guide is usually perceived lower than that of its
HE nonradiative dielectric waveguide (NRD-guide) wakongitudinal section electric (LSE ) counterpart. This is why
first introduced by Yoneyama [1] with the aim of creatinghe LSM mode is preferred over the LSE mode. However, it
a low-loss transmission line at millimeter-wave frequencies found by modeling the new structure that, in some cases,
The NRD-guide is quite similar to th&-guide in topology, but the transmission loss of the LSE mode is comparable and even
its guided modes are nonradiating even in the presence of sharpger than that of the LSM mode. Therefore, an adequate
bends and discontinuities. Such a desirable feature is attributéice for the fundamental mode is revoked.
to the fact that the NRD-guide operates under the inherentOn the other hand, itis interesting to give a fresh look into the
cutoff frequency of the parallel-plate TE and TM modesdvantages of using the nonradiatingF.;, mode that has the
making the NRD-guide very attractive for millimeter-wavdowest cutoff frequency. First of all, there is no need for a mode
applications. Very recently, a new NRD-guide, i.e., channelizetippressor [4] since the NRD becomesl&tt; o monomode
NRD-guide, was proposed in [2] and [3], which consists of ansmission line. Further, th&SE,, mode may provide a larger
core dielectric strip surrounded by dielectric materials havirfgequency bandwidth than thé&M;, mode does. Similar to the
a relatively lower dielectric constant (the outer region). In thigse of the LSM mode, the LSE-mode baluns can also be de-
way, the generalized structure, as shown in Fig. 1, retains allsijned for the hybrid integration technology of planar circuits
the advantages of an NRD-guide, whereas the spacing of #rel NRD-guides [5], [6]. In this paper, a comparative study of
two metallic plates is proportionally reduced with respect to tithe two modes and their design features are presented for the
square root of the outer dielectric constant. In addition, suclpeoposed generalized NRD-guide with emphasis on the trans-
reduced spacing at millimeter-wave frequencies may fit withraission loss.
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calculated from the unperturbed field of the perfect guide. s such, the resulting transmission losses are analytically found
view of the generalized structure depicted in Fig. 1, the sepafeem
tion of the parallel plates denoted by should be less than half

of the guided-wavelength of a TEM mode in the outer dielectric o (LSM 2Rs k_x 2 N1 6
. . A . EVEN) = v (6)
region. This condition is simply < A/2, which could also be aZy
written for the maximum permissible frequency 2R
S
a. (LSMopp) = oz < ) < ) )
< c/2a\/z,,2. Q)
2R5 BP0kS,
As indicated above, the calculation of transmission loss begins ac (LSEgyven) (B2 + kQ + 1 (8)
with the formulation of the fields in the lossless structure. De- )
tails of the analytical procedure can be found in [7]. The char- e (LSE _ 2Rg —bky 1 ©)
acteristic equations for the two classes of mode are given as fol- opp) aZE (B2 + k2
lows:
LSM: where
. kylb Eprl . 2
even:  kyrtam (=4 ) = (27 ) ko Ny = by +sin (by1) {1+ (2 fer1) (ki [hy ) }
—_ - 2
odd: Fyn cot <ky21b> _ <5,_1> . Ny = — bk +sin (bky1) {1 +(er2/er1) (By1 [y2) }
er2 Dy = by, +sin (bky1) {1 + (ky /kyQ)Q}
LSE: . ] ky1 b ] )
even:  kyitan | —o— | =kye Dy = bk, — sin (bky:) {1 + (By1 [hy2) }
ky1b v _ PR
odd: k'yl cot < ‘}2 ) = — /{;yg ZO - Buwe
Puwp
zZy = :
_ o _ R
The propagation constant is simply defined &s =
\/5,1k — k2 - k2 = \/E,Qk — k24 k2 where k,; and Similarly, the transmission loss due to imperfect dielectric
ko are, respectlvely, the propagation and attenuation consta@terials is also calculated by a perturbation method [7] as fol-
in the core and outer dielectric regions, = mx/a and lOWS:
ko = w/c. The loss calculation due to imperfect conductors by
the perturbation method [7] can be made by Pl
P/l d = 2dP (10)

o = )
2P
where P; /1 is the power dissipated in the dielectric materials
whereF, /is the power dissipated in the metallic plates per unifer unit length, which can easily be obtained by

length andP is the total power flow. This can be calculated by

b/2
1 P/l = weitan 6 /
P/l = <§RSIQ> /1 / ! “Jo Jo

b/2 a

bz R +we ta116/ /

—2R, {/ (,]1-.]f) dy+/ (.]2-.]§> dy} 3) zran ez f o
0 b/2

Therefore, the resulting dielectric losses for the two groups
whereJ]L =7 X Hl andJ2 =7 X H2 are the surface currentof modes are formulated by
densities on one metal plate inregions | andi. = /wio /20
is the surface resistance of the metal plates. The power flow for

2
dz dy

2
‘ dedy. (11)

Erlkg tan (51 N3 Ergkg tan (52 N5

the LSM mode, called®(LSM), is @ (L3MpveN) = 28 D 28 D
—+oo a 1 (12)
P(LSM) = / / “RelEx H*) . 5dx dy LSM _ er1kZtan & . & erk?tan &y . &
— A 0 2 ( ) Oéd( ODD) - 2[3 ‘D2 2[3 ‘D2
= - / / E,H* dx dy 4) , . (13)
— o 0 o (LSE ) ) _ 67,1]6'0 tan 61 ) bk'yl + sin (bk'yl)
d EVEN 28 Dy

while the power flow for the LSE mode, calld(LSE), is 5
Ergkg tan (52 sin (bkyl) (kyl/kyg)

“+oo a =+ .
P(LSE) = / / E,H; dz dy. ©) 2 Dy
— 0

(14)
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Fig. 2. Total transmission losses fo8 M, o, measured [8] (X: polystyrene, O: Fig. 3. Cutoff frequencies against width of core dielectricdoz 0.92 mm,
Teflon) and calculated by (6) and (12). Polystyrene: 2.7 mm,b = 2.4 mm, ¢,; = 13, (GaAs)c,> = 9.5 (Alumina). LSM: solid lines. LSE: dashed lines.
£r1 = 2.56,tan 6; = 9 x 1072, Teflon:a = 2.85 mm,b = 3.2 mm,
g = 2.04,tan 6; = 1.5 x 10~%. Region Il is vacuum.
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The denominator®); andD, are defined above and the nu-
meratorsNs;—N; are as follows: 15
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Ny = bk, +sin (bk,1) {1 — (2 /en) (ke //fo)?}

N, = — bk in (bk {1 — (2 /e (kin kK 2} Fig. 4. Frequency bandwidth fer = 0.92 mm,b = 1.8 mm (LSM) and
4 vt Fsin (D) (2/er1) (ky1 /ko) b= 1.6 mm (LSE),c., = 13, (GaAs),» = 9.5 (Alumina). LSM: solid line.

i LSE: dashed line.
N5 = sin (bkyn) (kun /Ry ) {14 (2 fer2) (hyz /o)’ } ashed line

10~* (GaAs as in [9]) for the core guide, or region |, and =
9.5, tan & = 1.5 x 10~* (alumina as in [9]) for the outer re-
gion or region Il. For a maximum frequency of 53 GHz (the

To validate the analytical procedure developed for the gen®&RD is designed to have its center frequency at 50 GHz and
alized NRD-guide, a logistic comparison is carried out betweenbandwidth of at least 2 GHz), the parallel-plate separation
the measurements reported by Yoneyama in [8] and our mddimensiona) is set to 0.92 mm. The width of the core guide
eling results for the fundamental LSM mode of a conventionéimensiond) is selected to obtain similar cutoff frequencies
NRD-guide. As indicated in Fig. 2, a good agreement is olfer the two modes, as well as to respect the predesignated fre-
served between the two independent works. quency bandwidth. Figs. 3 and 4 are used to deterinifRéey. 3

Let us now examine the transmission losses for bothives the cutoff frequency of all possible LSM and LSE modes
LSM;jpand LSE;, modes with respect to various geometricahgainsth. The two first lines on the left side are for th&E;
parameters. Two critical factors should be considered for thabde (dashed line) and tih&M;, mode (solid line). To permit
purpose: the maximum frequency at which the NRD-guidenly the propagation of the fundamental mode (k&#, or
is being used and its cutoff. These two endpoints are ratle$M;o) at the center frequency of 50 GHz and with the re-
meaningful if the losses are compared over the same frequengeyred frequency bandwidth of at least 2 GHhas to be chosen
bandwidth. Similar cutoff frequencies for theSM;, and between 1.25-2.5 mm. The final choice fois made on the
LSE;; modes are necessary since the attenuation becorbasis of Fig. 4 in order to maximize the frequency bandwidth,
usually very large as the frequency goes down toward thamelyb = 1.8 mm for theLSM;, mode, yielding a frequency
cutoff frequency. The use of different cutoff frequencies woulbandwidth of 4.8 GHz, antl = 1.6 mm for theLSE;, mode,
prevent a reasonable comparison for a specific frequerieading to a frequency bandwidth of 5.2 GHz. Such a choice of
bandwidth because the mode with a higher cutoff frequenéyalso accounts for the similarity of the cutoff frequencies, as
(LSM;q in this case) would be disadvantaged over the modaown in Fig. 3. Fig. 5 shows calculated results of the transmis-
with a lower cutoff frequencyl{SE;). On the other hand, the sion losses for the two fundamental modes. We first notice that
frequency bandwidth is usually imposed in the design proceghe difference of the conduction loss is very small around the

The dielectric materials for our first analysis of a generafrequency band of interest. The difference in total loss resides
ized NRD-guide are selected as;, = 13, tan 6 = 16 x inthe difference of the dielectric losses, which is higher for the

I1l. RESULTS AND DISCUSSION
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Fig. 5. NRD transmission line losses for= 0.92 mm,» = 1.8 mm (LSM)  Fig. 7. Transmission loss at center frequency against width of dielectric strip
andb = 1.6 mm (LSE). Region | (GaAsk,, = 13,tan §, = 16 x 10-4. fora =5mm,e,; = 2.56,tan 6, =12 x 10—*. Metal plateso = 3.96 x
Region Il (Alumina):c,o = 9.5, tan 8, = 1.5 x 10~*. Metal platesy = 107 S/m. LSM: solid lines. LSE: dashed lines.

6.17 x 107 S/m.

difference between the transmission losses of the two modes.

lo—6 LSM conduction For the dielectric loss, the LSM mode is better than the LSE
X SO LMk mode for a large plate spacing, but the difference between them
.sE\\ o770 Lsecondeton is reduced as gets smaller, up to a certain point where the
g { LSF toti LSE-mode loss become smaller than its LSM counterpa®t (

4.5 mm). The total loss behavior is similar to the dielectric loss
behavior that becomes dominant as a whole. Both modes present
almost the same conduction loss, except that the LSM conduc-
tion loss increases faster than its LSE counterpart whde-
creases. It is interesting to observe the behavior of conduction
and dielectric losses against the width of the core dielectric strip
in Fig. 7: the conduction loss decreases while the dielectric loss
increases as increases. Although this trend is true for both
Fig. 6. Transmission loss at center frequency against plate separatioe=for mOde.S’ the _rate of loss variation is .dlfferent f.or each of them.
3.556 MM, e, = 2.56, tan &; = 12 x 10—%. Metal plateso = 3.06 x 1 ne dielectric loss of the LSE mode is much higher than that of
107 S/m. LSM: solid lines. LSE: dashed lines. the LSM mode, especially whenis small. However, the LSE
dielectric loss tends to saturate whizincreases up to a cer-
LSM,, mode. In this case, tHeSE,, mode seems to be advan—tain extent, while the LSM dielec;tric Io;s continues to increase.
tageous over th&:SM,, mode since it is smaller in size with This makes the difference of dielectric loss between the LSE

a lower transmission loss as well as a larger frequency balff‘(ﬁl-d LSM modes sma!l vv_heb_u becomes relatlv_ely Iarge. The
duction loss behavior is different from the dielectric loss be-

width. Such simple results suggest that the use of LSE moue H de h hiah duction | han th
over its LSM counterpart paid off in some design of the geneli]-av'or' The LSM mode has a higher conduction loss than the

alized NRD-guide. This is in contradiction as usually perceivé‘dSE mod'e. Nevertheless, this LSM conduction loss decreases
in the conventional NRD-guide design. more rapidly than the LSE mode such that they become equal
Figs. 6 and 7 present our calculated results for the trar%']ceb reaches 4 mm. The total transmission loss can be summa-

mission loss of an NRD-guide nominally designed for 28 GHrized as follows. First, th&SE;, mode total loss is higher, but

(parallel-plate spacing of 5 mm and core dielectric width Jpore stable than tHeSM;, mode over the range of variation of

3.556 mm). Fig. 6 gives the variation of losses versus the pgr_Second, th&SM,o mode total loss has a minimum point for

allel-plate spacing, while Fig. 7 gives the variation of Iossé_’rsg_ é.4hmm, WIhI'Ch IS r?ther: close to t:e given value of1.8hmr:11.
against the core dielectric strip width. The results presented i d- the total losses for the two modes converge to each other

these two figures are calculated at the center frequency of %mmensmm) Increases.
bandwidth, which is defined agF. + In.x)/2 where F, is
cutoff frequency and,,.. is given by (1). The center frequency
is, therefore, specific for each circuit dimensions. The losses at
center frequency as the comparison point between circuits giveModeling technique for the generalized NRD-guide using
a meaningful approximation on the average loss of each indlesed-form equations is developed for the LSE and LSM
vidual circuit. In Fig. 6, the transmission losses decrease mmoedes. Calculated results are verified with measurements
notonously with an increasing for both modes. It should be reported elsewhere. Our work generates some useful guide-
noted that reducing geometrical size of the NRD-guide by usitiges for the practical NRD-guide design with emphasis on
a small plate spacing may be done at the expense of its traparametric effects on transmission losses caused by imperfect
mission-loss deterioration. Another interesting behavior is tlielectric and metallic materials. It is found that th8F,

IV. CONCLUSION
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mode can effectively provide a lower transmission loss as col
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