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ABSTRACT

E-plane and conventional waveguide technologies are applied to the de:si%n of millimeter wave
subsvstems, including oscillators, mixers, filters, modulators and hybrids. Different design approches
are described. Transitions between E-plane guiding structures are considered. Advantages and
drawbacks regarding practical design and performances are emphasised. Experimental results at
Ka-band (26.5-40 GHz) and V-band (50-75 Ghz) are presented.

INTRODUCTION

The need of low-cost millimeter wave communication systems is increasing as new frequency allocations
are foreseen. As an example, new bands have been regulated at 38, 55 and 38 GHz in the UK [I].
Many applications, including mobile cellular radjo, automotive radar and vehicle communication have
since emerged as commercial systems requiring a big technology development effort {2,3]. Different
approches are possible in designing the required subsystems. The hybrid (MIC) technclogy, including
E-plane devices, is commonly used today, although MMIC is rapidly expanding.

This paper describes our wark carried out to develop E-plane (metal insert, firline, coplanar waveguide
-CPW-) and microstrip technologies, for the design of mm-wave subsystems (filters, mixers, ASK
and PSK modulators, hybrids) 2t 30 and 60 GHz. A 0.254 and ¢.127 mm thick CuClad-217 substrate
has been used. Waveguide technology is also considered, but only for two specific applications at 60
GHz (Gunn diode oscillator and PSK reflection modulator). The 60 GHz subsystems described have
their primarily application to indeor-communication svstems.

TECHNOLOGY AND DESIGN MODELS )

E-plane transmission structures are commonly used in the mm-wave range. Some advantages are low
losses, rectangular-waveguide compatibility, subsvstem integration capability and repeatability.
Numerical methods are required to compute their propagation characteristics as well as the effects
associated to discontinuities and transitions. Several methods proposed in the literature were developed
to investigate the tranemission properties of E-plane infinite siructures: approximate Cohn's method
[4]. Spectral Domain (SD) [5]). Generzalized Transverse Resonance (GTR) [6] and the Method of Lines
(MOL) [7]. As an example, the characteristic impedance and A /A, (finline wavelength normalized to
free space wavelength) of unilateral, centered finline in a WR-135 waveguide at 60 GHz, as a function
of w/b {w: slat width, b: waveguide height), are compared in the following table.

red ho characteristic impedance ((J)
wib = 0.05 w/b =035 w,/b = 0.05 w,b = 0.5
Cohn 0.87859 1.04650 145.5 380.5
SD 0.88181 1.06088 i51.1 404.0
GTR Q. 88169 1.05868
NOL 098222 1.11469

As expected, approximate Cohn's method gives accurate results when w/b is small. SD and GTR give
comparatle resuits. MOL is very well suited to complex guiding structures like double-face E-plane.

Transiticns from waveguide to finline, microstrip and CPW have also been the subject of intensive
experimental research in cur Department, Triangular and exponential finline tapers were tested at
Ka-kand using the finline housing proposed by Adelseck [8]. Two lengths (hand 1.5 X) were considered
in both cases. Insertion loss (IL) for a double transition ranged from 0.5 to 2 dB and return loss (RL}
from 16 to 30 dB. While the triangular taper resuited in advantage over the exponential one, particularly
at the Jower frequency range (26.5-32 GHz), the longer taper did not show a significant improvement.
Some zbsorticn peaks were also detected but could be removed later using the housing proposed by
Meier [9]. Similar results were obtained at V-tand (50 -75 GHz). Triangular %inline tapers demonstrated
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Wasppuide-ca-microstrip tapered transitions through antipedal finline (figure 1} were decigned and
tected 0t Ka-btand. The taper contour is sinuscidal. A circular slot is inciuded to averd unwanied
rescnasces, as recommended in the literature [10). Optimum performance was empirically cbrained
for @ eircular slot width equal to that of the microstrip line. Experimental results showed 15 ¢B RL.
0.5 dB IL per transition, over a bandwidth of 30% centered at 30 GHz, Micrestrip-to-CPW {quasi-TEM
mode) tapered transitions were alse designed at Ka-tand (figure 2). The ransinon s doutble feced
and it was implemented using Hermite interpolating techniques to assure a rery smocth characteristic
impedance variation along the taper. To avoid the propagation of the undesired CPW non-TEM mode,
a reduction in the waveguide height "a” is required along the CPW length. For a centered CPW, with
dimensions {(in mm) a=1.6, w=0.25, 2s=1.53 and ¢ =2.17, its cut-off frequency is 39.93 GHz and the

characteristic impedance of the quasi-TEM mode is 55.301 Both transitions were combined to construct
a wavegeide-microstrip-CPW transition, and empirically optimized. Best results, cbrained when
printing the metalic half-circle in both faces, showed a | dB IL and better than 15 dB RL from I8
GHz to 37 GHz for a double waveguide-microstrip-CPW transition. Each waveguide-to-microstrip
transition is 21 mm long; each microstrip-to-CPW transition 1s 3.4 mm long; CPW length is 3.3 mm.
The bandwidth is mainly restricted by the waveguide-to-microsirip transiion.

Finlire-10-CPW transitions were also designed {figure 3). Fer signals propagating from each side
tfinline and CPW -quasi-TEM mode-) the transiticn acts as a 180% hybrid {11]. When using a pair cf
antiparailel Schottky diodes at the junction, the result is a talanced mixer f11]. The junction can also
be used 25 a “switchable kalun" when putting a pair of antiparallel PIN diedes, with application to
PSK transmission modulators [12]. Two practical profiles were considered at Ka-tand: linear
{progressive) and circular. To evaluate the transition performance, the non-TEM mode 1L along a
deuble transition was measured in two cases: {a): propagation, (k) cur-of f {waveguide height reduced).
The lincar *ransition showed better performances in {ak 1-3 dB in the 26.5-40 GHz range (1-5 dB,
¢ircuiar sransition), while circular transition was better in (b): » 20 dB (26.5-33 GHz} (>20 dB, 26 53-51
(Ghz - lisear trensition).
Alternztive waveguide-to-microstrip transitione using ridged waveguide were investigated. Two desien
were considered: ladder step-transformer tvpe and linear-profile taper (figure 4} The former ha
better a-pricri electriczl performances (RL and IL), being however more influenced by mechznice
rances. A Montecarlo anaivsis was performed considering 2 530 pm machining tolerance at 60 Ghz.
ge width is 1 mm, Results show that cimilar electrical performances can be expected in both cas
181 1, with higher taper IL due to the facr that it is usually longer. Both transitdons w
mple ted at V-band inic a WR-13 wavepuide considering three possitle microstiip widths: 0.
0.8 znd | mm. Best experimental results were acheived for 0.5 mm. corresponding 0
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impedance-matching case. At 60 GHz thev are: 14-18 ¢B RL, 1.1-1.5 ¢B IL for a docble 14.3
mm-lcre lnear taper (ihe step-transformer was 8 mm loeng) and a 24 mm leng microstrip line,
correspending to 0.1 ¢B per transition. The ladder step-transformer exhibit better performances but
it is more difficult 10 impiement.

s

AMM-WAVE SUBSYSTEMS DEVELOPED
60 GHz bybrids

he desien of microstrip branch-line and rat-race hybrids at V-band 1s highly affected by T-juncticn
discontinuities, Specific design technigues of microstrip V-band hybrids with any degree of coupling.
based on an analvtical compensation of T-juncuon effects, were implemented. They overcome
limitaticns detected in similar methods {13] alsc simplif ving the design procedure. Two 3-dB hybrids
were desiened at 60 Ghz, a 1802 rat-race and a 902 branch-line (three branches). The masks are in
figure 3. The access ports are WR-15 rectangular waveguide, The waveguide-10- miZrosirip ransiticn
15 the linear-taper ridged waveguide described before. To sttzin good aspect ratios znd to minimize
T-junciten effects, a high microstrip-line characteristic-impedance was selected. To match the ridged
wavegide impedance 1o the microstrip-line impedance, a linear microsirip taper was used.
Measurements showed a 4-4.5 dB Inserticn loss, in a very good agreement with simulatons, as well
zs a previous measurement of transitions losses and microstrip-line losses. Transmission unbzlance
was 0.3-0.5 ¢B. at center frequency. Return loss was 15-20 4B, a figure probably limited by transitiens,
Icolation was 17 &B.

60 GHz BPSK modulstars

Two kinds of BPSK moedulaters can be found in the literature: reflection-type and tranemissicn-1vpe.
Transmissicn talanced modulaters (TBM) are based in two switching diodes and egual path transmission
lines in a baianced configuration. Switching produces twe possible phase states at the cutput signal,
with a phase shift of 180% The balanced structure implies inherently broad PSK bandwidth and gond
input output isotation. In {I4). a TBM using a planar microstrip, 'siotline configuration at 60 Ghz s
described. A 30 GHz TBM was designed  (figure 6) which combines finline, CPW and microstrip
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10 Gk R cver a 57 GHz tendwidih (28 5. 34 GHzl . Phase shift berween siziv
o oser the entize Ka-band, Reflection modulators (RM) cffer a ampler design
{neertion lofs but they require an external circulator, One easy way 10 implement a RM e 1o saiich
a signal path-length using a singie PIN diode [15] A RM was implemented at 60 GHz :n finline
{(ficure 7) obiaining 1.5 ¢B IL (ON state} and 6 ¢B IL (OFF state] with 10% rhase shift deviation from
1802 (nominal) overa narrow bandwidih (295) 23], The bandwidth limitation comes fromamathematice!
canditicn [16] that the impedance-transforming network {a sherted finline length in our case) Kas to
met. The same approach can be implemented in an alternative desipn which combines 2 waveguide
housing and a planar circuit containing the PIN diode (figure 8} [17]. The substrate is placed in the
transverse plane of the waveguide. Tt permits the use of a beam lead diode with only shightly worse
insertion losses as compared to conventional waveguide post-mounting. A RM was constructed ina
V-band (WR-15) housing at 38 GHz, resulting in 1.5 IL and &7 phase shift error.
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Placar Belanced Mixers

As explained above, a finline=10-CPW js a 180° hybrid which can be used for designing balanced
mixers. Some protoivpes of such mixers have been febricated at 30 and 60 GHz with good performance.
Figure 6 shows an example of a 30-GHz balanced mixer. The general structure fallows that presented
in [11], with ihe peculiarity that the LO port is also in waveguide; to couple the LO power with the
required phase relaticnship to the pair of dicdes mounted in the E-plane CPW section, there has been
chosen a waveguide-micrestrip-CPW (quesi-TEM mode) transition without via holes between ihe
opposite substrate faces. The waveguide-to-microstrip part of the transition 15 that commented
previously znd referenced in [10), which presents relatively wideband behaviour. Although nct

mancatory in this design. wideband characteristics of the complete transiticn have been sought through

g gredual microstrip-CPW (quasi-TEM mode) transition (figure 2). Such a mixer has given conversion
loss less than 7.5 dB and RE-paort RL greater than 6 dB (rvpicaily 8 dB) over 2 28-33 GHz frequency
range for a 10 dBm local escillater pumping at 27.03 GHz.

sown in ficure 12, The RF is coupled from a WR-15 waveguide to a microstrip 3302 line through a
erned ridee transition. The RF is then coupled 10 the quasi- TEM mode of 8 CPW using the transiticn
shown in figure 12. This transiticn can be considered a simplified version of one reported in [22]; 1t
achieves the continuity between the microstrip ground plane, which ends abrore'v at the beginning
of the CPW secticn, and the ground planes of the CPW quasi-TEM mode trough querter wave sectorial
resenators placed an ten of the microstrip ground plane with the narrow end connected 10 the CPW
ground planes. The CPW goes into @ WR-15 waveguice throvgh a 0.5 mm wide, non current-cuiting
slot in the waveguide narrow wall, The Schottky beam-lead diodes are placed across the TPW siots
in the middle of the WR-135 waveguide. The local oscillstor is fed through the waveguide conteining
the CPW with the dlodes, the opposite end being terminated with a sliding short ¢ircuit that gives a
degree of freedom in the OL matching. The IF is extracied through the opposite WR-13 waveguide
narrow wail afler another CPW-to-microstrip transition, Due to the big size of the beam-lead diodes
as compared 1o the 0.1 mm wide slots of the CPW, performances have shown to be very dependent
on the exzct diode position after mounting, Conversion loss achieved are tvpically under 12 dB between
59 and 61 GHz for a LO pumping of 75 ¢Bm at 38.7 GHz, although much better conversion loss
(arovnd 7 dB) hes been occasicnatly observed.

A crosster balanced mixer at 60 GHz has zlso been built and tested [21]). The general structure i
1
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Mewal incert E-plane {ilter

Figure § shows a sketch of 2n E-plane metal-insert (sepia) band-pass filter. It consists of a thin metal
plate with alternzting square heles, inserted in a standard waveguide to form coupled resonant cavities
[18). A iclerance anzlvsis was carried cut and showed than a precision of 10 microns in the dimensions
of ihe septa weas necesszry to achieve good results on a very narrow bandwidth (% or less), If a
precicicn of 109 micronsis concidered, then the bandwigth must be wider than about 24, Two different
plate widths (100 u znd 35 u) have been tested for the design of 3 sections Chebvscheff filters centere
at 28 GHz and 60 GHz. A standard photelitografic procedure was used for the fabrication of the
septa. and good experimental results were obtained for filters, having 2.2 GHe btandwidth at 28 GHe
(7.8 and &00 MHz 2t 60 GHz (1.33%). IL were respectively 0.5 dB and 1.8 dB. teing both well
centered in the designed center frequency.

Both CW and Varacior-centrelled Gunn aseiilators have been designed. The dicdes are mounted cn
posts inside a cavity formed by a shert circuited waveguide of reduced height. The chort circuit is
movzkle in order 1o have a mechanice]l frequency adjustment and. in some designs, a capacitive
diaphrzegm has been inserted between the cavity and the output waseguide. Extensive simulation has
been performed to compute the impedance seen by the Gunn dicde using the methodology of [15]
and [20]. Good agreement has been found in 18 GHz and 26 GHz CW oscillators, but some discrepencies

were enoguntered in soitzge controlled cscillators in these kands, especially with respect to the tuning
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- 60 GHz ASK Modulatcr

Several firline PIN-diode switches (or amplitude modulaters) at differeat {requencies have been
desigrned. The configuration is simple and it consists of two PIN beam-lead diodes connected between
the two conductars of a finline and separated a distance L. The spacing between the two conductors
of the finline has been chosen ta be ¢.1 mm, and one of them js DC isolated in order to allow biasing
the diodes. Two 1apered finline-to-waveguide transitions are used at both ends to interface with
standard flanges. The most critical parameter of the design is the distance between the vwo diodes,
which has 10 be optimized for having high isalation and minimum IL simultancously. Figure 11 shows
the totzl attenuation as a functicn of the diode bias voltage and a sketch of the circait for a modulator
at 60 GHz. An isolation of 14 dB and insertion joss of 2 dB have been achieved with 1.2 V excursion,

CONCLUSIONS

Millimeter wave technology is mature today and it is succesfully applied to mobile-communication
svstems. The atlocation of new frequency bands will help to define technological requirements mare
accurately. To demonsirate the attained performances as well as to compare different approaches, a
number of subsystems have been presented using E-plane and converntienal waveguide techniques at
Ka-band (26.5-40 GHz) and V-band (50-75 GHz). Practical implementation reguires sophisticated
techrical means. Statistical analysis is often required to account for fabriceticn tolerances. The need
of advanced nurmericzl methods to compute the electrical ¢haracteristics of complex guiding structures,
including discentinuities and transitions, has also been outlined. They should be integrated in specific
CAD programs to ease the design-implementation c¢vele. Commercial software can be used in the
design of millimeter wave microstrip circuits, although some user pre-processing is ussually needed.
This leacds to specific design procedures and software not available at the moment.
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Figure 2 - Microstrip-to-CPW (quasi-TEM
mode) transition
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Figure 3 - Finline-to-CPW transition Figure 4 - Ridged-waveguide transiticns



Figure 5 - Masks of microstrip 3-dB Hybrids
designed (a) 180% (b) 902
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Figure 6 - Mask of E-plane Mixer / BPSK
transmission balanced modulator.
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Figure 8 - Reflection modulator in a
waveguide/planar configuration
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Figure 11 - ASK finline modulator

Yty i

Pzt v the guae

Figure 10 - 60 GH_II CW oscillator

SLIDING
o SHURT

Figure 12 - 60 GHz crossbar mixer



