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Abstract

The increment in the demand for high-frequency monolithic integrated circuits
has driven the development of waveguide-to-microstrip transition that allow
their characterization and integration with waveguide components. Unfortu-
nately, when return losses are taken into account, these transitions feature a
rather narrow bandwidth, especially when the substrate is inserted transversal
to the propagation direction of the waveguide. Here, we present a new scalable
design that overcomes this problem. The transition was originally designed for a
bandwidth of 33.5-60 GHz (extended V-band) with the simulation results show-
ing reflections below — 19.5 dB in a fractional bandwidth of 55%. To validate
the design, we show the scaling, construction, and measurement in an extended
Q-band (27-50 GHz) with the additional advantage of having a standard imped-
ance of 50 Q. The most novel feature is a staggered air cavity for the microstrip
and planar probe, which generates return losses better than 20 dB in a fractional
bandwidth of 53%.

Keywords Impedance Transformer - Q-band - Rectangular Waveguide - Waveguide-
to-microstrip Transition

1 Introduction

Integrated circuits at the microwave ranges are increasingly used in areas such as
communications [1, 2], radar [3, 4], and on radio astronomy [5-7]. Most of these
circuits are fabricated on planar microstrip substrates, which require transitions to
waveguide for two main reasons. First, to connect the circuits with waveguides that
allow their characterization in waveguide-based setups. Second, for their integration
with waveguide components such as high-gain antennas [8], diplexers [9], filters
[10], and orthomode transducers [11]. In our particular case, the transition is needed
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for the transmission of the LO signal within a sub-harmonic mixer that is currently
being developed for an extended W-band (67-116 GHz). Thus, the development of
transitions between planar transmission lines and rectangular waveguides is of vital
importance.

Several types of transitions have been proposed to satisfy this need. They
vary on geometry and functional bandwidth but can roughly be classified into
two groups according to the relative position between the waveguide and the
microstrip. The first group can be referred to as inline transitions, where the
substrate is inserted in the propagation direction of the waveguide [12-16] and
can be placed either parallel to the E- or the H-plane. These types of transitions
are compact but have a narrow bandwidth. A slightly wider bandwidth can be
obtained if a stepped ridged waveguide or gradual tapering of an antipodal fin-
line is used [17].

In the second group, the substrate is inserted through the broadwall of the
waveguide, parallel (E-plane) or transversal to the propagation direction of the
waveguide [18-23]. These types of transitions are larger due to the layout of the
ports, but, in the case of E-plane transitions, they can achieve large fractional
bandwidths (45%) [20]. Transversal transitions, on the other hand, have nar-
rower bandwidths (31%) [24] with some exceptions like those having reduced
height waveguide (44%) [25] or suspended stripline (SSL) (41%) [26]. How-
ever, due to their port layout, the latter are more difficult to integrate into pla-
nar circuits.

State-of-the-art applications, especially in radio astronomy, are requiring even
larger operational bandwidths, some exceeding 50% with the added require-
ment of achieving return losses of around —20 dB [27, 28]. Achieving this feat
for every component of a given microwave system is, however, extremely dif-
ficult and even more so at the mm and sub-mm ranges, [29-31]. Here, we pre-
sent a new scalable microstrip-to-waveguide transition that meets these stringent
requirements. It has a return loss better than — 19.5 dB in a fractional bandwidth
of 55% and is easy to integrate with planar circuits. The original design was
made in the V-band, but to demonstrate its capabilities, a prototype was devel-
oped in the range of 27-50 GHz, which is 35% larger than the full Q-band. The
transition consists of a stepped transformer and a dendritic probe printed over a
dielectric substrate, which is inserted into a rectangular waveguide containing
a backshort. Importantly, the output port is a microstrip with a standard imped-
ance of 50 Q which facilitates its integration with printed circuits. Using a back-
to-back transition, we demonstrate low insertion and good return losses across
the entire band.

2 Design and Simulations
The transition was simulated and optimized using an electromagnetic analysis
tool (Ansys HFSS). The model uses a 0.127 mm thick RT/Duriod 6002 dielectric

substrate with nominal relative permittivity and tangent loss values of 2.94 and
0.0012, respectively.
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2.1 Justification of the Design

The final layout of the transition, obtained after the design process discussed in Sec.
2.3, is presented in Fig. 1. The incoming signal enters the waveguide port (1) and is
followed by a A/4-waveguide transformer (2) in order to adapt it to a non-standard
waveguide (3). The latter is used to increase the coupling between the waveguide
and the probe antenna. A non-standard waveguide is used since, as demonstrated
in [32], the fundamental-mode impedance can be adjusted by selecting properly its
dimensions a and b according to
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where # is the characteristic impedance of free space, c is the speed of light, and f
is the frequency. In particular, this waveguide allows to extend the operational band-
width at the lower end, close to the cut-off frequency of the input waveguide port.
After the non-standard waveguide, an adaptation (4) is introduced in order to reduce
the disturbance of the fundamental mode when it couples with the probe antenna
(5). Then, the waveguide is terminated in a short circuit in the form of a backshort
(6) that allows to couple the reflected power to the probe with the correct phase.

The electromagnetic field in the probe antenna is conducted, first, through a
transmission line with a small air cavity that behaves effectively as a double-layer
stripline (7), where a quasi-TEM mode is propagated. This type of line is appropri-
ate because its compactness minimizes the disturbance in the electric fields of the
fundamental mode and in the surface currents in the wide wall of the waveguide.
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Fig. 1 General layout of the transition with its different parts. The function of each part is discussed in
the text (Sec. 2.1)
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Finally, a two-step impedance transformer (8) with an expanding cavity is used
to obtain a proper microstrip line with a standard 50-Q impedance (9). Through
simulations (see Sec. 2.3), it was demonstrated that this morphology is capable of
increasing the operational bandwidth of the transition, especially at the lower end.

2.2 Optimization of the Probe Antenna

Several candidates, such as [20, 24, 26, 33, 34], can be used as antenna probe.
Through simulations, the performance of a radial probe was contrasted against
a dendritic probe within a simplified version of the structure presented here. The
results showed a slight better performance for the dendritic probe. Therefore, we
selected that design as the base from which we developed the proposed structure.
During the entire design process, that will be explained in the following section,
optimization of its dimensions provided no significant changes to the electrical
behavior of the transition. Under those circumstances, the probe remained the same
over the entire design process.

2.3 Original V-Band Design

The transition was designed to carry local oscillator (LO) signal (33.5-58 GHz) to
a sub-harmonic mixer. The design process went through four stages, as shown in
Fig. 2, that allowed to achieve the greatest possible bandwidth coverage. On the one
hand, the dimensions of the metal structure of the entire transition change with each
stage. The thickness of the substrate and the conductor were kept constant. Improv-
ing simulated reflections in each step can be seen in Fig. 3.

Figure 2a shows the initial geometry of the transition with standard WR-19 wave-
guide dimensions and a dielectric substrate. The size of the air cavity above the
microstrip was optimized achieving reflection losses in a fractional bandwidth of
42%. In the next stage, Fig. 2b, a larger waveguide section located above the sub-
strate in the cross-section of the waveguide was included. The fractional bandwidth
was increased to 46%. In the third stage, Fig. 2c, the dimensions of the waveguide
and the backshort were modified. Dimensions W1 and L2 dimensions were found
to allow increasing the fractional bandwidth to 55%. However, this change gener-
ated an increase in reflections between 45 and 55 GHz that is caused by the imped-
ance mismatch between the waveguide and the port. Finally, in Fig. 2d, a waveguide
transformer (L.1) was used to match dimension (L.2) with port WR-19. This trans-
former made it possible to achieve a bandwidth of 55% with reflections below — 20
dB in almost the entire required frequency range. In addition, a two-step impedance
transformer was used to achieve the standard 50-2 impedance at the microstrip port.

Figure 4a shows the final design of the transition which consists of four parts.
The first is a waveguide transformer with three sections (H1 to H3) that allows
connection to a standard waveguide and a backshort to prevent radiation from the
guide terminal. Secondly, the union of two sections of the waveguide (H4 and H6)
where the change from the TE,; modes to quasi-TEM is generated. Third, a two-step
impedance matcher (H7 and H8) provides the standard impedance at the output port.
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Fig.2 Design process of the transition for V-band. While the dimensions of the metal structure of the
entire transition change with each stage, those of the probe are kept constant. a Waveguide and backshort
in WR-19 dimensions with microstrip output. b A wider waveguide section on the substrate is added in
the cross-section of the waveguide to increase the bandwidth without modifying the size of the wave-
guide. ¢ Waveguide dimensions (W1 and L2) are optimized to reduce reflections. d A waveguide trans-
former (L1) is added to decrease reflections due to a mismatch between port WR-19 and waveguide (L2).
A two-step impedance adapter is used to achieve standard impedance on the microstrip output port

Finally, the fourth part is a dielectric substrate with a second-order dendritic probe
(Fig. 4b).

2.4 Scaling to Q-Band

To validate the design discussed in the previous section, the transition was
scaled to the Q-band. The physical dimensions obtained after software opti-
mization are given in Table 1. This process demonstrates that except for the
microstrip, the design of this transition can be adapted to different frequen-
cies by scaling the entire structure by a factor that depends on the required
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Fig. 3 Reflection losses of each stage a) to d) in the evolution of the V-band transition design presented
in Fig. 2. The improvement in the bandwidth of the reflections with each stage is evident. The final
design stage shows a return loss near to — 20 dB in the entire bandwidth

frequency. In this case, the scale factor was the result of the quotient between
the minimum frequency for the WR-19 and WR-22 waveguides. In contrast,
the microstrip line requires a redesign based on the characteristics of the
substrate.

The simulation results are shown in Fig. 5. The maximum insertion loss is
0.31 dB, and the corresponding return loss is better than —20 dB in the fre-
quency range of 27 to 50 GHz. In addition, a modal analysis was performed
and no high-order modes were found to be excited at relevant levels. The opti-
mization process showed that the most critical dimensions are the distance to
the waveguide (L4) and the height difference (H6—-H4). They have tolerances
of +50 and + 100 um.

3 Implementation and Characterization of the Q-Band Transition
To accurately determine the transition losses, it is necessary to discount the microstrip

line losses from the measured transition losses. Therefore, characterization of the sub-
strate and the transition are required.
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Fig.4 a Three-dimensional view of the transition structure. The inset shows the union of the two wave-
guide sections H4 and H6. b Substrate, conductive line, and dendritic probe

3.1 Back-to-Back Experiment for Substrate Characterization

To determine the loss tangent of the substrate, two lines of different lengths (40
and 50 mm) were mounted back-to-back as shown in Fig. 6a. The lines were
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Table 1 Dimensions of

transition H1 23 H7 073 L5 484 W3 159 RI 0.02
H2 109 H8 1.10 L6 242 W4 0.14 R2 005
H3 23 L1 266 L7 1.21 W5 0.3 Tl 41°
H4 023 L2 244 L8 9.09 W6 042 T2 40°
H5 189 L3 3.06 WI 59 W7 034
H6 053 L4 029 W2 1.02 W8 031
All dimensions in mm unless indicated otherwise
0 0.0
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Fig.5 Simulated scattering parameters of the Q-band transition. The dielectric substrate used in the
simulations was RT/Duriod 6002 with nominal values of relative permittivity (2.94) and loss tangent
(0.0012) given by the manufacturer. The maximum insertion loss is 0.31 dB and the return loss is better

than —20 dB in the frequency range from 27 to 50 GHz

manufactured using an LPKF ProtoLaser S laser machine, and their return and
insertion losses were measured using an Agilent PNA Network Analyzer E8364C.

3.2 Back-to-Back Experiment for Measurements of Transition

To experimentally validate the simulation results, a back-to-back transition for
Q-band was fabricated, as shown in Fig. 6b and c. The transition was charac-
terized with the same instrument but calibrated utilizing an Agilent TRL cali-

bration kit 11644A.
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Fig.6 a Simple microstrip line for substrate characterization. b Back-to-back block containing the
Q-band transition. The block was fabricated out of three aluminum parts, two of them forming the
waveguide structure and the third containing the dielectric substrate and backshort. The red-dashed box
indicates the area shown in the next panel. ¢ Bottom block with the substrate removed to indicate how
the latter is placed. In the final assembly, the substrate is suspended above the cavity. The substrate is
adhered to the block with silver conductive epoxy with no further alignment

4 Results and Discussion
4.1 Substrate Characterization

Utilizing the measurements of the two microstrip lines (40 and 50 mm) and the dif-
ference in their S parameters, the losses of the connectors were discounted. Then,
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considering a constant relative electrical permittivity of 2.94, we calculated a loss
tangent of 0.01626 +0.0020, which is considerably higher than reported in the sub-
strate datasheet. Although the fabrication process seems to have altered the proper-
ties of the substrate, further studies, beyond the scope of this work, are necessary to
find the precise cause of this difference.

4.2 Back-to-Back Transition

The solid lines in Fig. 7 show the measured results of the scattering parameters of
the back-to-back transition for the final design. The maximum insertion loss is 3.2
dB and the corresponding return loss is better than 20 dB between 28.5 and 49.1
GHz with a fractional bandwidth of 53%.

The back-to-back simulation was performed again using the measured loss tan-
gent from the microstrip experiment. These results are presented in the dashed lines
of Fig. 7. A good agreement with the measurements can be seen, which means that
the measured excess insertion losses are the result in the increase of the effective
loss of the structure. Regarding the return loss, the disagreement between simulation
and measurements at both edges of the band is attributed to tolerances in machining
and in the assembly process of the dielectric substrate into the block.

To discount the effect of the microstrip line on the results, we followed the
method described in references [15, 17, 18, 21, 24, 34-36], which includes

0 0
_S_N --------- ﬁt - B
-10 B

—— Measurements
=== Simulation

S11 (dB)
S21 (dB)

Frequency (GHz)

Fig.7 Measured and simulated scattering parameters of the back-to-back Q-band transition. In contrast
with the simulations presented in Fig. 2, these simulations were made using the measured values of per-
mittivity (2.94) and loss tangent (0.01626) calculated from the microstrip line measurements
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estimating the losses of the transmission line that connect to the antennas.
Through simulations in HFSS using the measured loss tangent in the micro-
strip experiment, the value of maximum insertion loss for the 22 mm microstrip
line was estimated in~2.6 dB. Using the maximum measured losses of the back-
to-back (L), the maximum simulated losses of the 22 mm microstrip line (L,,)
and considering the symmetry, the maximum losses for a single transition are
(L,—L,)/2=(3.2dB —2.6dB)/2 = 0.3dB which agrees with the value from the
simulations. Finally, in Table 2, we compare the performance of the transition pre-
sented in this work with other transitions at different frequency ranges. In addition,
Fig. 8 shows the comparison with other transitions regarding return losses, attenu-
ation, and fractional bandwidth. The advantages of the proposed transition are
evident.

5 Conclusions

In this work, we have presented the design, simulation, and measurements of a scal-
able ultra-bandwidth transition from waveguide to 50-Q microstrip line. The design
was implemented using a standard WR-22 waveguide, achieving a fractional band-
width of 53%, significantly larger than the standard waveguide coverage of 40%
(33-50 GHz). Importantly, this extended bandwidth was achieved without exciting
any other high-order mode by obtaining an excellent reflection in the bandwidth
where only the fundamental mode is propagated. The transition presents a novel

Table2 Comparisons between this work and other reported transitions (RL return losses, IL insertion
losses, TL total loss, AT attenuation)

Ref Freq (GHz) Type FBW (%) RL (dB) IL (dB) AT (dB)
[37] 26-40 Inline-H 425 <-10 <0.33 -20.32
[33] 75-110 Inline-E 38 <-8 <0.63 —14.84
[15] 31-48 Inline-E 44 <-10 <1.7 -6.29
[38] 50-72 Inline-E 36 <-12 <0.35 -19.31
[35] 27-39 Inline-E 35 <-15 <0.5 —15.86
[17] 40-438 Inline-E 18 <-16 <0.5 —15.84
[21] 33-50 E-plane 40 <-10 <0.36 —19.46
[36] 37-50 E-plane 29.5 <-15 <0.25 —22.27
[18] 40-50 Transversal 20 <-10 <0.15 —28.69
[39] 49-77 Transversal 45.5 <-12 <0.5 —16.01
[34] 40-50 Transversal 10 <-15 <0.3 —-20.55
[40] 26-28 Transversal 13 <-15 <0.2 —24.41
[41] 26-31 Transversal 16 <-15 <0.8 —11.80
[24] 27-37 Transversal 31 <-20 <0.2 —24.31
[26] 2640 Transversal 41.3 <-20 <0.15 —27.08
[42] 38-40 Transversal 5 <-21.8 <0.58 —14.50
This work 28-49 Transversal 53 <-20 <0.3 —20.48

@ Springer



Journal of Infrared, Millimeter, and Terahertz Waves

-5
[371
—10- 18] o2 36015]
[38] @391
S 151 34440441] 351 (321
- [33]
8
£
g —20 é241 8261 & his work
. é421
—25 -
-30 T r . T : r
10 20 30 40 50 60
Fractional bandwidth (%)
b)
-5
[15]
_10 -
o [41]
o 10 [42] 371
2 331 (321 [39]
S
3
c [384,[21]
£ =20+ o[34] % [36] & his work
<
(35]
[40 [24]
—25 - o [40] ®
o [26]
o[18]
-30 r r r . . :
10 20 30 40 50 60

Fractional bandwidth (%)

Fig. 8 Graphic representation of Table 2. Each marker represents a different type of transition. Diamonds
are for inline, crosses for E-plane, and dots for transversal. a Reflection loss versus fractional bandwidth.

b Attenuation versus fractional bandwidth. The excellent performance of the transition presented here is
evident
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structure that allows this extreme bandwidth increase, specially at the lower edge of
the bandwidth, where reflections produced by the natural waveguide cut-off region
are significant. The proposed design was compared to other works, presenting the
largest fractional bandwidth with the lowest return loss, making it ideal for applica-
tions where matching between components is important, such as radio astronomy.
Moreover, the 50-Q microstrip allows seamless integration with other components
such as microwave-integrated circuits, making it ideal for applications where ultra-
bandwidth mixers and low-noise amplifiers are used.
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