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Design Considerations of Engraved NRD Guide for
Millimeter-Wave Integrated Circuits
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Abstract—Practical construction of nonradiative dielectric
(NRD) guide components such as filter, junction, or hybrid planar
NRD-guide circuit is rather uneasy because of the tedious align-
ment and tolerance requirement of various separate NRD-guide
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 better precision for physical design, realization, and integrity
of the overall circuit. Design considerations and procedures
of the ENRD guide are studied and discussed in this paper,
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
greatly affect the leakage level of the guide. An ENRD-guide 90
bend and filter were designed and measured. Investigation of the
ENRD-guide filter leads to the characterization of an evanescent
LSM10 mode in the air gap region between the resonators
necessary for reducing its insertion loss.

Index Terms—Electromagnetic coupling, filter, hybrid integra-
tion of planar circuits and NRD guide, millimeter-wave technology,
nonradiative dielectric waveguide, transmission line.

I. INTRODUCTION

SINCE ITS inception [1], the nonradiative dielectric (NRD)
guide has been used in the design of a large number of

millimeter-wave integrated circuits and antennas [2]–[5]. In all
those applications, particularly in filter design, the practical con-
struction of NRD-guide circuits requires a high accuracy in the
alignment of NRD-guide building pieces and blocks. One must
find a way, for example, in the case of an air-gap NRD resonator
filter, to adequately fix a designated physical layout of the mul-
tiple dielectric resonators by using glue or other means relative
to the parallel metal plates. This problem is significant at mil-
limeter-wave frequencies at which the precision of alignment
should be much better than 50m, depending on the dielectric
constant of the material used. On the other hand, the commer-
cial applications of NRD-guide technology demand a reliable
and repeatable low-cost process for massive fabrication.

A grooved NRD guide was introduced to tackle this problem
[6], [7]. In this case, the two metallic plates (only one for the
asymmetric geometry) need to be machined to accommodate
the dielectric strip, which further contributes to the mechan-
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Fig. 1. Topology of an ENRD guide with two microstrip-to-ENRD-guide
LSM -mode transitions.

ical tolerance problem. In this paper, we propose a new type of
NRD-guide structure called the engraved NRD guide (ENRD),
which could significantly alleviate the problem of alignment and
mechanical tolerances, especially in the use of hybrid integrated
planar NRD-guide technology. This new scheme of design was
very briefly presented in [8], and it is made of a single dielectric
block with a metal plate glued on one side for strength. By ma-
chining the dielectric block, only a necessary amount of dielec-
tric material is removed from the block to form an equivalent
NRD guide that has almost the same propagation constant. The
remaining part of the dielectric block is kept in support of the
cover, which could be a microstrip-line substrate (see Fig. 1).
In this paper, electrical and mechanical properties of the ENRD
guide will be studied and discussed for design considerations.
With this new approach, a bandpass filter can be realized with a
precision that only depends on that of the milling machine used.
This approach could also ease the fabrication of a multicompo-
nent NRD structure such as an ENRD-guide transceiver.

II. DESCRIPTION OFENRD GUIDE

In a conventional NRD guide, a rectangular dielectric strip of
height and width is placed between two parallel metallic
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plates. The choice of the value should respect the following
criteria or design limitations for the nonradiating criteria:

(1)

in which is the free-space wavelength, is the relative di-
electric constant of the material used for making the NRD guide,
and is the transverse wavenumber of the even mode
in the material [9]. The upper bound limit yields the maximum
operable frequency of the NRD guide, while the lower bound
limit implies that hybrid modes will emerge in the NRD guide.
In an ENRD guide, the same limits should be respected even
though the geometrical conditions are not necessarily the same.
First, the ENRD guide may introduce a small vertical asym-
metry that is nevertheless responsible for any potential leakage
along the cross section. In addition, the cross section of the
structure becomes an air/dielectric composite in which the air
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 guide
in which rapid field decay is observed immediately in the prox-
imity of the air/NRD-strip interface. This suggests that an addi-
tional leakage is expected if the design is not made adequately.
Therefore, the acceptable leakage level is used to determine the
minimum air gap.

Fig. 1 illustrates the typical topology of an ENRD guide
integrated with microstrip-to-NRD-guide transitions. It can be
viewed as a leaky NRD waveguide, as described in [10], with
the difference that dielectric slabs of width are added on
both sides of the guide, and that a certain amount of dielectric
material of thickness is left at the bottom of the guide. Due
to that geometry, the ENRD guide have a complex leakage
mechanism, which will be explained later.

The ENRD guide may be constructed in the following steps.
First, a metal plate is glued to a dielectric block. Such a plate
provides the strength needed for the machining step. The block
is then machined to remove the necessary amount of dielectric
material around the guide. A small thickness of the dielec-
tric material is left at the bottom of the air regions in order not to
groove the metal plate. This is necessary because of a potential
flatness problem of the metal plate. In practice, this thickness
is smaller than 0.254 mm and could be reduced to 0.08 mm
with good precision equipment. If the metal plate were to be
grooved, it would leave a sharp metal edge that would produce
a higher leakage level than by leaving a small amount of dielec-
tric material of height . Subsequently, alignment holes are
made in the remaining part (support area) of the dielectric block.
Finally, a microstrip substrate having the matching alignment
holes is glued on top of the ENRD guide. This microstrip sub-
strate is used to design millimeter-wave planar integrated cir-
cuits including - or -mode transitions or baluns of
a microstrip-to-ENRD guide. The outcome of this process is a
self-contained package that has repeatable performances due to
its good alignment and mechanical tolerances.

III. D ESIGN OFENRD GUIDE

Even though the asymmetry of the ENRD guide may not lead
to pure or modes [11], the principal modes of

Fig. 2. Simulation results for the attenuation and phase constants of the
LSM mode versus the gap size for" = 2:4, L = 50 mm and frequency
= 28GHz.

interest in the guide have propagation properties and field profile
that are similar to those of a regular NRD guide. Therefore, we
will continue to use the designation of and modes
in this paper.

As for a regular NRD guide, the first step in the design of an
ENRD guide is to determine the geometrical dimensionsand

for the frequency of interest and for the selected dielectric
material. To do so, we make use of design curves presented in
[4] for -mode operation within an optimized frequency
bandwidth.

The second step is the determination of the gap or air region
width necessary on each side of the guiding dielectric strip. An
adequate gap will yield a waveguide having almost the same
propagation constant as a regular NRD guide, and also having
an acceptable leakage level for both and modes.
No special design software packages are currently available for
this type of structure. To this end, a large number of simulations
were carried out with a commercial three-dimensional (3-D)
electromagnetic simulation software for dielectric material of

. Such efforts are to study effects of the gap on the
propagation characteristics of the ENRD guide. Fig. 2 gives a
set of simulation results for different gap size. A fixed width
( ) of 50 mm is used for the complete structure. In our simula-
tions, both bilateral sides of the structure are set to be radiating
boundaries (or absorptive) and the dielectric loss is not taken
into account. This is to help evaluating the field confinement in
the guiding dielectric strip. The dimensions of the ENRD guide
are selected to cover a frequency bandwidth of 26–30 GHz with
a center frequency of 28 GHz.

Fig. 2 shows that the phase constantof the mode
converges to a stable value while the attenuation constantdue
to leakage becomes lower than 0.1 dB/cm as the gap is widen
beyond 7.5 mm. For small gap value, the field cannot be decayed
sufficiently in the gap region before going inside the support
region where the condition stipulated in (1) is not respected,
which produces a high leakage level. This situation is equivalent
to the leaky NRD waveguide study in [10]. Fig. 2 also shows that
a choice of smaller than 0.254 mm has a negligible effect
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(a)

(b)

Fig. 3. Simulation results for the attenuation and phase constants of the
LSM mode at 28 GHz versus the gap size withL variable. (a) Comparison
of L = 3:5, 5:0, and8:0 mm with Hg = 0:254 mm. (b) Comparison
among the three cases: NRD guide, ENRD guide withHg = 0:254 and
L = 5:0 mm, and ENRD guide withHg = 0:0 mm andL = 5:0 mm. For
all the three structures," = 2:4,H = 4:953 mm andW = 3:708 mm.

on the propagation properties of the modes because it
causes a variation of value less than 2%, and it has almost no
effect on .

In Fig. 3, the variation of and versus the gapwidth is pre-
sented with made constant. In Fig. 3(a), comparison is made
of the cases , , and mm. It shows that the dif-
ference among the three cases foris negligible (less than 1%).
For , however, the three values of generate three different
results. For a small gap (gap10 mm), an of 8.0 mm reduces
the leakage level because the overall width of the guide () is
the biggest among the three cases. However, the highest leakage
level is obtained with an of 5.0 mm. This is because this case
produces a higher coupling with a “channel guide leaky mode,”
as described in [11]. This coupling also explains the difference
of the three cases for the gap values of 16 and 18 mm.

In Fig. 3(b), the case of mm is compared with
another ENRD guide having the same dimension, except that

mm, and with an NRD guide having the same overall

Fig. 4. Simulation results for the frequency variation of the phase and
attenuation constants of theLSM mode in an ENRD guide of dimensions
H = 4:953 mm,W = 3:708 mm, gap= 8:0 mm,L = 50:0 mm, and
" = 2:4. For comparison, the dispersion curve of an ideal NRD guide is
added.

width as the other two guides. The results show that when
mm, of the ENRD guide is equal to its corresponding

NRD guide, except for the gap8.0 mm. It also shows that
when mm, the leakage is reduced along with the
coupling phenomena with the “channel guide leaky mode.” This
can be explained by the absence of asymmetry inside the ENRD
guide when mm, giving us a pure mode with
a field profile less compatible with the “channel guide leaky
mode” [11]. Note that, for an NRD guide, the leakage is almost
insignificant and no coupling phenomena are noticeable.

To examine frequency dependency ofand , the gap and
are fixed at 8.0 and 50 mm, respectively. Dispersion curves

are shown in Fig. 4 for the mode, showing that dis-
persion characteristics of an ENRD guide are almost identical
to those of a regular NRD guide. A minor difference can be
seen for a slightly higher phase constant and a lower cutoff fre-
quency for the mode of the ENRD guide. On the other
hand, the leakage is reduced with frequency. This suggests that
the gapwidth should be determined at the lowest operating fre-
quency if a specific maximum of has to be observed over a
frequency band of interest. The same scenario is also applicable
to the mode.

Before proceeding to a practical implementation of the
ENRD-guide component, effects of the open-end spacing
(see Fig. 1) should be discussed, which is important for the
design of open ENRD guides in hybrid integration of planar
and ENRD guide. Fig. 5 gives return loss of an open
ENRD guide in magnitude and phase for the mode
against . In the simulations, the gap is fixed at 8.0 mm
with an ENRD guide of 10.5-mm long at GHz, and
no numerical deembedding is carried out. It can be seen that

has little influence on if it is longer than 11 mm.
Simulation results for the mode indicate the same
behavior. Comparison of the open ENRD guide and its regular
NRD-guide counterpart shows difference of 10in-phase and
3.7% in magnitude for . Such a difference is due to the
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Fig. 5. Simulation results forS of an open-ended ENRD guide for the
LSM mode versusL , with " = 2:4, gap= 8:0 mm,H = :9534 mm,
W = 3:708 mm, andL = 3:5 mm at 28 GHz.

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

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

IV. PRACTICAL EXAMPLES OFENRD-GUIDE COMPONENT

A. Straight ENRD Guide

To validate our proposed concept of an ENRD guide, we con-
structed a straight ENRD guide with a gapwidth of 7.62 mm
based on a dielectric material of . The -mode
ENRD guide is sandwiched between two microstrip-to-ENRD-
guide transitions [12], where the microstrip line is used for con-
necting the ENRD guide to an 8510C network analyzer. The
length of the ENRD guide is 3.8 cm. Our experiments were
made with an Anritsu SC5226 test fixture and a thru-reflect-line
(TRL) calibration procedure. The geometrical dimensions of the
whole structure (see Fig. 1) are mm, mm,

mm, gap mm, mil, mm,
mm, mm, mm,

, mm, and mm. The
dielectric material used for the microstrip line is the RT/Duroid
5870 with and thickness mm. Measured
and simulated results including dielectric loss are presented in
Fig. 6, which show a good agreement between them.

Using the same ENRD-guide design platform, transmission
performances of the structure are simulated and measured for

-mode transitions [13] of the microstrip-to-ENRD guide,
as presented in Fig. 7. Once again, we observe a good agreement
between them. Obviously, the -mode results are better.

The above two examples have validated the concept of the
ENRD guide. In the following, we will discuss some useful
ENRD-guide discontinuities and their leakage effects in the de-
sign of ENRD-guide components.

Fig. 6. Measured and simulated results for an ENRD guide with" = 2:4,
H = 4:953 mm, W = 3:708 mm, gap= 7:26 mm, and a length of
63.8 mm, excited using two identical back-to-back microstrip-to-ENRD-guide
LSM -mode transitions.

Fig. 7. Measured and simulated results for an ENRD guide with" = 2:4,
H = 4:953 mm, W = 3:708 mm, gap= 7:26 mm, and a length of
63.8 mm, excited using two identical back-to-back microstrip-to-ENRD-guide
LSE -mode transitions.

B. 90 ENRD-Guide Bend

It is known that there is a mode conversion between the
and modes in NRD-guide structures such as a

T-junction or 90 bend [4], [14], [15]. This mode conversion
cannot be eliminated without using a special measure like a
mode suppressor. However, it can be optimized such that nearly
all the power of the mode at the input port is converted
into the modal power at the output port and vice versa.
Using the design procedure described in [14], which gives an
adequate dimension of 90NRD-guide bend for optimum mode
conversion, we constructed an ENRD-guide bend, as shown in
Fig. 8(b), using a gap of 7.62 mm and a dielectric material with

.
Simulation results that do not include the dielectric loss are

given in Fig. 9, which show an insertion loss of about 0.4 dB for
the LSM-LSE mode conversion and a direct LSM-LSM mode
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(a) (b)

Fig. 8. Topology of: (a) NRD-guide 90� bend and (b) ENRD-guide 90� bend, both with two different microstrip-to-NRD-guide transitions for the mode conversion
measurement.

Fig. 9. Simulation results for an ENRD-guide 90� bend withL = 2:781mm,
W = 3:708 mm,H = 4:953 mm, and gap= 7:62 mm.

transfer level below 12 dB. In the experiment, one port of
the bend is excited by a microstrip-to-NRD-guide -mode
transition, while the other port of the device is connected to a
microstrip-to-NRD-guide -mode transition. This enables
us to measure the mode conversion produced by the bend. Mea-
sured and simulated results that include the two transitions ef-
fects are presented in Fig. 10. If the insertion loss in the two
transitions is taken into account, the to mode
conversion loss is below 1 dB between 27.0–28.5 GHz, except at
27.6 GHz, where a notch is present. This notch is attributed to a
resonance in the structure that reduces significantly the
to mode conversion. It shows a good mode conversion
with low leakage loss, even though the structure needs to be op-
timized.

C. ENRD-Guide Filter

Following the design rule developed in [4], an NRD-guide
bandpass filter of third order is designed with a Polystyrene
material of 4.953-mm thickness. The operating
center frequency is 28 GHz and the bandwidth is 1.1%. Di-
mensions of the filter are summarized as follows (see Fig. 11):

Fig. 10. Measured and simulated results for an ENRD-guide 90� bend with
two back-to-back microstrip-to-ENRD-guide transitions; the first being an
LSM -mode type and the second being anLSE -mode type.

mm, mm, mm, and
mm. The microstrip-to-ENRD-guide -mode

transitions used in this filter design are the same as in the pre-
vious examples.

The first filter prototype was built with a gap of 7.62 mm.
Its insertion loss was measured to be 10 dB, which includes the
filter loss as well as loss of the transitions (about 1.5 dB). This
prohibitive insertion loss in the filter comes from the fact that,
in this type of filter, each discontinuity or air gap between res-
onators generates a strong mode conversion between the guiding

mode in the ENRD guide and the evanescent
mode in the air gap. In the case of an NRD guide having infin-
itely extended metal plates, the evanescent mode is fully
characterized by a lossless attenuation constant . This
scenario is used in the design algorithm of the NRD-guide filter.
However, in the case of finitely extended metal plates, the prop-
agation constant of the evanescent mode is defined by
two constants and , where is a combination of leakage loss
and lossless attenuation. The leakage will increase the insertion
loss of the filter. The phase constant will introduce a phase de-
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Fig. 11. Topology of the ENRD-guide bandpass filter with two identical
back-to-back microstrip-to-ENRD-guideLSM -mode transitions.

Fig. 12. Simulated results for the propagation characteristics of theLSM

evanescent modes of a NRD guide (with finite metal plate width) and an ENRD
guide versus gap value withL = 3:5 mm at 28 GHz.

viation from the desired level of design between the resonators
that will alter the shape of frequency response of the filter.

In an ENRD guide, the and constants of the evanes-
cent mode depend on the choice of the gap and width. Due
to a weak confinement of the fields, this mode has a higher
leakage than the guiding mode. Fig. 12 gives calcu-
lated propagation characteristics of the evanescent mode
for both the NRD guide with finite-width metal plates and the
ENRD guide, showing that the ENRD-guide filter has a higher
loss and phase variation than its NRD-guide counterpart having
the same metal plate width. It also suggests that we should
substantially increase the gapwidth to reduce the insertion loss

Fig. 13. Simulated and measured results for ENRD-guide bandpass filters.

level. By widening the gap to 15.2 mm, we are able to reduce
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
ENRD-guide filters, one with a gap of 7.62 mm and the other
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
a further improvement, a low-loss dielectric material has to be
used instead of our Polystyrene material that has a less favor-
able loss tangent (0.002). In addition, the results also indicate
that, the higher phase constant of the evanescent 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.

V. CONCLUSIONS

In this paper, we have presented a new design platform of
an NRD guide, called the ENRD guide, for the construction of
millimeter-wave integrated circuits. Design considerations and
parametric influences of the proposed structure are studied and
discussed with respect to its practical implementation. The de-
sign guidelines are established, indicating that a low-leakage
loss level is achievable if extra care is taken in the determina-
tion of the gap size and width of the guide. Practical real-
ization of an ENRD guide shows a good and predictable perfor-
mance, especially when transitions of the microstrip-to-ENRD
guide are used. On the other hand, the measured results of a
90 ENRD-guide bend suggest that a strong mode conversion
between the and modes is possible. Also, it is
shown that, for the ENRD-guide resonator filters, the gap should
be large enough so to prevent a prohibitive insertion loss caused
by the leakage of the evanescent mode existing between
the resonators. Design curves for the selection of the appropriate
gap size are presented.
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The new NRD-guide structure is believed to ease the integra-
tion of multiple NRD-guide components, thus paving the way
of constructing a low-loss hybrid integrated planar NRD trans-
ceiver.
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