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Design Considerations of Engraved NRD Guide for
Millimeter-Wave Integrated Circuits

Yves Cassivi, Dominic Deslandes, and Ke Wellow, IEEE

Abstract—Practical construction of nonradiative dielectric Ly
(NRD) guide components such as filter, junction, or hybrid planar —_—
NRD-guide circuit is rather uneasy because of the tedious align- Ly o 4 Detail of transition
ment and tolerance requirement of various separate NRD-guide L
elements. To overcome this hurdle, we present a new scheme
called the engraved NRD guide (ENRD). This ENRD guide is an
NRD guide whose outline is machined out of a single dielectric
block, thereby eliminating the alignment constraint, and allowing A
a better precision for physical design, realization, and integrity t
of the overall circuit. Design considerations and procedures
of the ENRD guide are studied and discussed in this paper, Wi —
which suggest the predominance of gap dimension in obtaining a
quasi-nonradiative condition with similar propagation properties
as a normal NRD guide. It also shows that the amount of dielectric
material left in support of the whole structure alignment could 6 [
greatly affect the leakage level of the guide. An ENRD-guide $0
bend and filter were designed and measured. Investigation of the
ENRD-guide filter leads to the characterization of an evanescent Support region WL
LSM,, mode in the air gap region between the resonators \ PRI Microstrip substrate
necessary for reducing its insertion loss.

e

Alvi\gnment hole

: : ’ o H Mn* Support region
Index Terms—Electromagnetic coupling, filter, hybrid integra- I bl
tion of planar circuits and NRD guide, millimeter-wave technology, Hg Gap Metal plate

nonradiative dielectric waveguide, transmission line.
CUT AR VIEW
I. INTRODUCTION
Fig. 1. Topology of an ENRD guide with two microstrip-to-ENRD-guide
INCE ITS inception [1], the nonradiative dielectric (NRD):5M10-mode transitions.
uide has been used in the design of a large number of

millimeter-wave integrated circuits and antennas [2]—[5]. In gl tolerance problem. In this paper, we propose a new type of
those_applications, p_artic_ular_lyin filte_rdesigr_l, the practica_l CONRD-guide structure called the engraved NRD guide (ENRD),
struction of NRD-guide circuits requires a high accuracy in thgnich could significantly alleviate the problem of alignment and
alignment of NRD-guide building pieces and blocks. One mugfechanical tolerances, especially in the use of hybrid integrated
find a way, for example, in the case of an air-gap NRD resonajgn nar NRD-guide technology. This new scheme of design was
filter, to adequately fix a designated physical layout of the MUz y pyriefly presented in [8], and it is made of a single dielectric
tiple dielectric resonators by using glue or _oth(_ar means relat_lgpock with a metal plate glued on one side for strength. By ma-
to the parallel metal plates. This problem is significant at Milpining the dielectric block, only a necessary amount of dielec-
limeter-wave frequencies at which the precision of alignmegic material is removed from the block to form an equivalent
should be much better than »@n, depending on the dielectric \rp guide that has almost the same propagation constant. The
constant of the material used. On the other hand, the comMelmaining part of the dielectric block is kept in support of the
cial applications of NRD-guide technology demand a reliablg,er, which could be a microstrip-line substrate (see Fig. 1).
and repeatable low-cost process for massive fabrication. | this paper, electrical and mechanical properties of the ENRD
A grooved NRD guide was introduced to tackle this problemg,iqe will be studied and discussed for design considerations.
[6], [7]. In this case, the two metallic plates (only one for thQyi this new approach, a bandpass filter can be realized with a
asymmetric geometry) need to be machined to accommodgfgcision that only depends on that of the milling machine used.
the dielectric strip, which further contributes to the mechaf;g approach could also ease the fabrication of a multicompo-

nent NRD structure such as an ENRD-guide transceiver.
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plates. The choice of thH value should respect the following 4191 10

criteria or design limitations for the nonradiating criteria:
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electric constant of the material used for making the NRD guid
andk;. is the transverse wavenumber of tH&;, even mode
in the material [9]. The upper bound limit yields the maximur | 5N NN N N -
operable frequency of the NRD guide, while the lower bour g
limit implies that hybrid modes will emerge in the NRD guide
In an ENRD guide, the same limits should be respected ev 319 : : : ‘ = e ‘ 00
though the geometrical conditions are not necessarily the sal 2 4 &8 8 é‘;p (m:ﬁ) “oo1. s 20

First, the ENRD guide may introduce a small vertical asym-

metry that is neverthgless reSpor_]slble for any potentlal Ieaka@éa. 2. Simulation results for the attenuation and phase constants of the
along the cross section. In addition, the cross section of th€\i,, mode versus the gap size for = 2.4, L+ = 50 mm and frequency
structure becomes an air/dielectric composite in which the air28GHz=.

region or gap should be reduced to a certain minimum, thus

limiting or slowing the decay of fields in the horizontal direc- : . . . ) .
tion. This is quite different from the conventional NRD guidénterestmthe guide have propagation properties and field profile

in which rapid field decay is observed immediately in the pr0>H],at are .similar to those of.a regular NRD guide. Therefore, we
imity of the air/NRD-strip interface. This suggests that an add{!ill continue to use the designationioM, o andLSE;o modes
tional leakage is expected if the design is not made adequatifhthis paper.

Therefore, the acceptable leakage level is used to determine thAs for a regular NRD guide, the first step in the design of an
minimum air gap. ENRD guide is to determine the geometrical dimensidnsnd

Fig. 1 illustrates the typical topology of an ENRD guidé? for the frequency of interest and for the selected dielectric
integrated with microstrip-to-NRD-guide transitions. It can bmaterial. To do so, we make use of design curves presented in
viewed as a leaky NRD waveguide, as described in [10], wif#d] for LSM;4-mode operation within an optimized frequency
the difference that dielectric slabs of widily, are added on bandwidth.
both sjdes of.the guide,. and that a certain amount qf dielectricThe second step is the determination of the gap or air region
material of thicknesg#{ is left at the bottom of the guide. Dueyigih necessary on each side of the guiding dielectric strip. An
to that geometry, the ENRD guide have a complex leakaggequate gap will yield a waveguide having almost the same

mechanism, which will be explained later. aﬁ?ropagation constant as a regular NRD guide, and also having

L =50mm

_The ENRD guide may be constrycted !n the following step h acceptable leakage level for batBiM,, and.SE;q modes.
First, a metal plate is glued to a dielectric block. Such a pl gspecial design software packages are currently available for

provides the strength needed for the machining step. The bl IS type of structure. To this end, a large number of simulations
is then machined to remove the necessary amount of dielec g ypeo - -alarg . .
were carried out with a commercial three-dimensional (3-D)

material around the guide. A small thicknedg of the dielec- S . i . |
tric material is left at the bottom of the air regions in order not gglectromagnetic simulation software for dielectric material of

groove the metal plate. This is necessary because of a poterftia= 2-4- Such efforts are to study effects of the gap on the
flatness problem of the metal plate. In practice, this thickneBEoPagation characteristics of the ENRD guide. Fig. 2 gives a
is smaller than 0.254 mm and could be reduced to 0.08 nfft of simulation results for different gap size. A fixed width
with good precision equipment. If the metal plate were to Hér) of 50 mm is used for the complete structure. In our simula-
grooved, it would leave a sharp metal edge that would produéens, both bilateral sides of the structure are set to be radiating
a higher leakage level than by leaving a small amount of dieldasundaries (or absorptive) and the dielectric loss is not taken
tric material of heightd g. Subsequently, alignment holes arénto account. This is to help evaluating the field confinement in
made in the remaining part (support area) of the dielectric blocke guiding dielectric strip. The dimensions of the ENRD guide
Finally, a microstrip substrate having the matching alignmeate selected to cover a frequency bandwidth of 26—30 GHz with
holes is glued on top of the ENRD guide. This microstrip suky center frequency of 28 GHz.

strate is us_ed to design millimeter-wave p_Ia_mar integrated cir—,:ig_ 2 shows that the phase constanof the LSM,, mode
cuits includingLSM; - or LSE, o-mode transitions or baluns of .o yerges to a stable value while the attenuation consteoe

a microstrip-to-ENRD guide. The outcome of this process isig 1oaxage becomes lower than 0.1 dB/cm as the gap is widen
_self—conta|_ned package that has_ repeatable performances de?eE?ond 7.5 mm. For small gap value, the field cannot be decayed
its good alignment and mechanical tolerances. sufficiently in the gap region before going inside the support
region where the condition stipulated in (1) is not respected,
lll. DEsIGN OFENRD GUIDE which produces a high leakage level. This situation is equivalent
Even though the asymmetry of the ENRD guide may not leadthe leaky NRD waveguide study in [10]. Fig. 2 also shows that
to purel.SM;q or LSE;o modes [11], the principal modes ofa choice ofH ¢ smaller than 0.254 mm has a negligible effect
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333 +— s s . \ . \ 0.20 Fig. 4. Simulation results for the frequency variation of the phase and
' attenuation constants of tH&SM;, mode in an ENRD guide of dimensions
& PN “o_a H = 4.953 mm,W = 3.708 mm, gap= 8.0 mm, L, = 50.0 mm, and
Brepe BT TE AT A f A o £, = 2.4. For comparison, the dispersion curve of an ideal NRD guide is
331 AN ro.16 added.
A
'\ B——a—=a f (Hg = 0.0mm) . .
-4 P(Hg=0254mm) 012~ width as the other two guides. The results show that wien=
e omm) 3 0.0 mm, g of the ENRD guide is equal to its corresponding
ffffff a(ngsozs‘tmm) % NRD guide, except for the gag8.0 mm. It also shows that
————— r0.08 . .
o (NRD) when Hg = 0.0 mm, the leakage is reduced along with the
o—o—e=8=-0—0 coupling phenomena with the “channel guide leaky mode.” This
R Lo.04 can be explained by the absence of asymmetry inside the ENRD
N guide whenH g = 0.0 mm, giving us a pur&SM;, mode with
- ~ 7 \ . . . . “ .
- ~ a field profile less compatible with the “channel guide leaky
s : - - T . s o200 mode” [11]. Note that, for an NRD guide, the leakage is almost
Gap (mm) insignificant and no coupling phenomena are noticeable.
(b) To examine frequency dependencywfnd 3, the gap and

Fig. 3. Simulation results for the attenuation and phase constants of 14(31 are ﬁxe‘?' at 5_3'0 and 50 mm, respectively. Dis_,persion vaes
LSM,, mode at 28 GHz versus the gap size with variable. (a) Comparison are shown in Fig. 4 for th&.SM;o mode, showing that dis-
of L, :th 3t5h 5.0, and 8.&§Dm W_i;h HEQN;DM?: rfvl;lﬁﬁb (b) Coognrlariszn persion characteristics of an ENRD guide are almost identical
among the three cases: guiae, guide = 0.254 an H H H
L. = 5.0 mm, and ENRD guide witlif g = 0.0 mm andZ, = 5.0 mm. For t© those of a regulr_;\r NRD guide. A minor difference can be
all the three structures, = 2.4, H = 4.953 mm andW’ = 3.708 mm. seen for a slightly higher phase constant and a lower cutoff fre-
quency for thd.SM;9 mode of the ENRD guide. On the other
h , , S des b . hand, the leakage is reduced with frequency. This suggests that
on the propaga_non properties of th&M;, mo ‘€S because " ihe gapwidth should be determined at the lowest operating fre-
causes a variation ¢f value less than 2%, and it has almost nauency if a specific maximum af has to be observed over a
effect ona. frequency band of interest. The same scenario is also applicable
In Fig. 3, the variation off anda versus the gapwidth is pre-to the LSE;, mode.
sented withl.,, made constant. In Fig. 3(a), comparison is made gefore proceeding to a practical implementation of the
of the cased., = 3.5, 5.0, and8.0 mm. It shows that the dif- ENRD-guide component, effects of the open-end spakisg
ference among the three cases/fas negligible (less than 1%). (see Fig. 1) should be discussed, which is important for the
For «, however, the three values 6f. generate three different yesign of open ENRD guides in hybrid integration of planar
results. For a small gap (9ap10 mm), an’.,, of 8.0mmreduces gnq ENRD guide. Fig. 5 gives return loss; of an open
the leakage level because the overall width of the guld§ (S ENRD guide in magnitude and phase for th8M;, mode
the biggest among the three cases. However, the highest leakgg@nsts, . In the simulations, the gap is fixed at 8.0 mm
level is obtained with at.,, of 5.0 mm. This is because this cas§ith an ENRD guide of 10.5-mm long gt = 28 GHz, and
produces a higher coupling with a “channel guide leaky modé,o numerical deembedding is carried out. It can be seen that
as described in [11]. This coupling also explains the differenge. . nas Jittle influence onS; if it is longer than 11 mm.
of the three cases for the gap values of 16 and 18 mm. Simulation results for theLSE;, mode indicate the same
n Fig. , the case of., = 5.0 mm is compared with behavior. Comparison of the open guide and its regular
In Fig. 3(b), th L 5.0 i d with behavior. C i f th ENRD guid di I
another ENRD guide having the same dimension, except tiNRD-guide counterpart shows difference of 18-phase and
Hg = 0.0 mm, and with an NRD guide having the same overall.7% in magnitude forS;;. Such a difference is due to the
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Fig. 5. Simulation results fo6;; of an open-ended ENRD guide for the _. . . L
LSM,, mode versudog, with =, = 2.4, gap= 8.0 mm, H = .9334 mm, Fig. 6. ) Msasured a/pd S|muL§ted results for aD ENRD guide wjith= 2.4,
W = 3.708 mm. andl.. = 3.5 mm at 28 GHz. H = 4.953 mm, U = 3:108 mm, gap= 7.26 mm, ar]d a length of‘

’ Y 63.8 mm, excited using two identical back-to-back microstrip-to-ENRD-guide

LSM;,-mode transitions.

higher phase constant and higher attenuation constant of the
ENRD guide. The frequency dependency of both guides i
similar.

Note that the preceding discussion is valid only for a dielec  -51
tric material ofe,, = 2.4 (low dielectric constant). If another
material with relatively higher dielectric constant is used, a fur-  _4p
ther study should be carried out. e

0

IV. PRACTICAL EXAMPLES OF ENRD-GUIDE COMPONENT

A. Straight ENRD Guide o- & -a S, - Simulated
. . A—a A S,y - Simulated
To validate our proposed concept of an ENRD guide, we con  -25- s,, - Measured

structed a straight ENRD guide with a gapwidth of 7.62 mm
based on a dielectric material 8f = 2.4. The LSM;o-mode 30 , . . . 1 . ‘
ENRD guide is sandwiched between two microstrip-to-ENRD- 26 27 E 28 H 29 30
guide transitions [12], where the microstrip line is used for con requency (GHz)
necting the ENRD guide to an 8510C network analyzer. TI’I‘—%. 7. Measured and simulated results for an ENRD guide witk= 2.4,
length of the ENRD guide is 3.8 cm. Our experiments werg = 4.953 mm, W = 3.708 mm, gap= 7.26 mm, and a length of
made with an Anritsu SC5226 test fixture and a thru-reflect-lirfes-8 mm, excited using two identical back-to-back microstrip-to-ENRD-guide
(TRL) calibration procedure. The geometrical dimensions of g Ero-mode transitions.
whole structure (see Fig. 1) afg, = 3.5 mm, W = 3.71 mm, )
H = 4.95mm, gap= 7.62mm,Hg < 10 mil, Ly = 25.4mm, B- 90 ENRD-Guide Bend
Log = 15 mm, Lystug = 0.99 mm, Wy, = 0.61 mm, It is known that there is a mode conversion between the
Ssrup = 50°, Lyor, = 6.1 mm, andLygp = 2.464 mm. The LSM;, andLSE;q modes in NRD-guide structures such as a
dielectric material used for the microstrip line is the RT/Duroid@-junction or 90 bend [4], [14], [15]. This mode conversion
5870 withe, = 2.33 and thickness= 0.254 mm. Measured cannot be eliminated without using a special measure like a
and simulated results including dielectric loss are presentedniiode suppressor. However, it can be optimized such that nearly
Fig. 6, which show a good agreement between them. all the power of thd.SM ;5 mode at the input port is converted
Using the same ENRD-guide design platform, transmissiamto the LSE;, modal power at the output port and vice versa.
performances of the structure are simulated and measuredUWsing the design procedure described in [14], which gives an
LSEo-mode transitions [13] of the microstrip-to-ENRD guideadequate dimension of 90IRD-guide bend for optimum mode
as presented in Fig. 7. Once again, we observe a good agreementersion, we constructed an ENRD-guide bend, as shown in
between them. Obviously, tHe&SM;,-mode results are better. Fig. 8(b), using a gap of 7.62 mm and a dielectric material with
The above two examples have validated the concept of the= 2.4.
ENRD guide. In the following, we will discuss some useful Simulation results that do not include the dielectric loss are
ENRD-guide discontinuities and their leakage effects in the dgiven in Fig. 9, which show an insertion loss of about 0.4 dB for
sign of ENRD-guide components. the LSM-LSE mode conversion and a direct LSM-LSM mode

I, 821 - Measured
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Fig.9. Simulation results for an ENRD-guide’dfend withZ . = 2.781 mm, ) ) ) )

W = 3.708 mm, H = 4.953 mm, and gap= 7.62 mm. Fig. 10. Measured and simulated results for an ENRD-guideb@dd with
two back-to-back microstrip-to-ENRD-guide transitions; the first being an
LSM, ,-mode type and the second beingls$E, ,-mode type.

transfer level below—12 dB. In the experiment, one port of
the bend is excited by a microstrip-to-NRD-guideM; ,-mode L, = 4954 mm, Ly = 4958 mm, S; = 3.763 mm, and

transition, while the other port of the device is connected to@ _ 7 939 mm. The microstrip-to-ENRD-guideSM, o-mode

microstrip-to-NRD-guide.SE;o-mode transition. This enablesansitions used in this filter design are the same as in the pre-
us to measure the mode conversion produced by the bend. Mgg;,s examples.

sured and simulated results that include the two transitions ef‘l’he first filter prototype was built with a gap of 7.62 mm.

fects are presented in Fig. 10. If the insertion loss in the tWg jnsertion loss was measured to be 10 dB, which includes the
transitions is taken into account, t@M,o to LSE1o mode fijier oss as well as loss of the transitions (about 1.5 dB). This
conversion loss is below 1 dB between 27.0-28.5 GHz, exceppgbhipitive insertion loss in the filter comes from the fact that,
27.6 GHz, where a notch is present. This notch is attributed tQahis type of filter, each discontinuity or air gap between res-
resonance in the structure that reduces significantht8%.0  onat0rs generates a strong mode conversion between the guiding
to LSE;o mode conversion. It shows a good mode conversiqing, - mode in the ENRD guide and the evanesdeBiM

with low leakage loss, even though the structure needs to be gisqe in the air gap. In the case of an NRD guide having infin-

timized. itely extended metal plates, the evanestetil; , mode is fully

] ] characterized by a lossless attenuation congtant «). This

C. ENRD-Guide Filter scenario is used in the design algorithm of the NRD-guide filter.
Following the design rule developed in [4], an NRD-guidélowever, in the case of finitely extended metal plates, the prop-

bandpass filter of third order is designed with a Polystyreragation constani of the evanescemtSM;, mode is defined by

material (s, = 2.4) of 4.953-mm thickness. The operatingwo constantg! andc«, wherew is a combination of leakage loss

center frequency is 28 GHz and the bandwidth is 1.1%. Dind lossless attenuation. The leakage will increase the insertion

mensions of the filter are summarized as follows (see Fig. 119ss of the filter. The phase constant will introduce a phase de-
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level. By widening the gap to 15.2 mm, we are able to reduce
I—° —°I the loss by 2.4 dB/cm, as compared to the previously designed
* ENRD-guide filter. This corresponds to a reduction of 5.64 dB

for the insertion loss, considering that the length of air gap is
2.35 cm in the filter. Fig. 13 presents measured results of two
Fig. 11. Topology of the ENRD-guide bandpass filter with two identicaENRD-guide filters, one with a gap of 7.62 mm and the other

Alignment hole

back-to-back microstrip-to-ENRD-guidesM ,-mode transitions. with a gap of 15.2 mm. Indeed, we can observe a remarkable im-
provement (more than 5.6 dB) in the passband of the filter. For
%0 oo B (ENRD-guide) 2 a further improvement, a low-loss dielectric material has to be
f &-6-A B (NRD-guide with finite width metal plates) used instead of our Polystyrene material that has a less favor-
251 —— o (ENRD-guide) r25 able loss tangent (0.002). In addition, the results also indicate
== o (NRD-guide with finite width metal plates) that, the higher phase constant of the evanedcght,, mode,

in the case of a gap of 7.62 mm, noticeably degrades the shape
of the filtering response.

Finally, we should mention that a difference of 600 MHz be-
tween the center frequency of the simulated filter and the center
frequency of the measured filters may be caused by the mechan-
ical tolerance of the build circuit, especially the heigHt), and
the tolerance on the relative dielectric constant of the material.
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V. CONCLUSIONS

~O
A—A-—A—_A__AT_A_A_A__A__L
6 8 10 1(2; 14 16 18 20 In this paper, we have presented a new design platform of
ap (mm) an NRD guide, called the ENRD guide, for the construction of
Fig. 12. Simulated results for the propagation characteristics of S o millimeter-wave integrated circuits. Design considerations and

evanescent modes of a NRD guide (with finite metal plate width) and an ENREarametric influences of the proposed structure are studied and
guide versus gap value with, = 3.5 mm at 28 GHz. discussed with respect to its practical implementation. The de-
sign guidelines are established, indicating that a low-leakage
viation from the desired level of design between the resonatdoss level is achievable if extra care is taken in the determina-
that will alter the shape of frequency response of the filter. tion of the gap size and width,,. of the guide. Practical real-

In an ENRD guide, thex and 8 constants of the evanes-ization of an ENRD guide shows a good and predictable perfor-
cent mode depend on the choice of the gap and widthDue mance, especially when transitions of the microstrip-to-ENRD
to a weak confinement of the fields, this mode has a highguide are used. On the other hand, the measured results of a
leakage than the guidingSM;, mode. Fig. 12 gives calcu- 90° ENRD-guide bend suggest that a strong mode conversion
lated propagation characteristics of the evanedcght; mode between thd.SM;, andLLSE;o modes is possible. Also, it is
for both the NRD guide with finite-width metal plates and thehown that, for the ENRD-guide resonator filters, the gap should
ENRD guide, showing that the ENRD-guide filter has a highdre large enough so to prevent a prohibitive insertion loss caused
loss and phase variation than its NRD-guide counterpart havibgthe leakage of the evanesceBiM ;o mode existing between
the same metal plate width. It also suggests that we shotih@ resonators. Design curves for the selection of the appropriate
substantially increase the gapwidth to reduce the insertion lagp size are presented.
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The new NRD-guide structure is believed to ease the integm@minic Deslandesvas born in Drummondville, QC, Canada, in 1975. He re-

tion of multiple NRD-guide components, thus paving the Wageived the Eng. Dipl. degree in electrical engineering from the Université de

. L. herbrooke, Sherbrooke, QC, Canada, in 1998, and is currently working toward

of .ConStrUCt'ng a low-loss hyb”d 'megrated pIanar NRD tranﬁfe M.S. degree in microwaves at the Ecole Polytechnique de Montréal, Mon-
ceiver. tréal, QC, Canada.

His current research interests include design of passive and active mil-

limeter-wave components.
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