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ABSTRACT A novel millimeter-wave (mm-wave) 90° phase-compensated hybrid coupler using the ridge-
gap waveguide (RGW) technology is studied and developed. The coupler is low-loss at mm-wave frequency
bands, whereas using conventional transmission lines, such as microstrip or substrate integrated waveguides,
yields relatively a high amount of insertion loss. The proposed coupler is designed using large coupling
apertures, which with their phase variation over the apertures can compensate for the progressive phase of
the coupler and achieve a low output-phase error. The ridge-gap 3-db 90° hybrid coupler is suitable for
designing mm-wave beamforming networks, such as the Butler matrix beamformer, where the cross-over
transmission lines present a difficulty in designing such networks. In this paper, the dispersion diagram of
the RGW is extracted, and a multicoupling aperture technique is formulated for designing the coupler. The
coupler is fabricated and measured. The simulated and measured results show a good agreement.

INDEX TERMS mm-wave, phase compensation, dispersion diagram, coupler.

I. INTRODUCTION

Due to a small dimension and high amount of propagation
loss at mm-wave frequencies, designing beamforming net-
works at mm-wave frequency range has been a challeng-
ing task for designers. In the past decade, there were sev-
eral efforts to invent a new low-loss high-efficiency trans-
mission line for high frequency microwave and mm-wave
frequency ranges. For instance, the substrate integrated
waveguide (SIW) technology was developed in the past
decade as a low-loss transmission line [1]-[3]. However,
designing the microwave components, such as couplers with
SIW technology, deteriorates the low-loss performance of the
SIW transmission line, because of disturbing the host SIW
transmission line characteristic [4]—[6].

To overcome these problems another alternative approach
called ridge-gap waveguide technology has been pro-
posed [7]. Ridge-gag waveguide is an extremely low-loss
transmission line at mm-wave frequencies [7]-[9]. In this

technology, the electric and magnetic fields are captured
between two metal surfaces and two open side walls.
By embedding some structure like a bed of nails along the
two open sides, a band-gap is obtained in x and y-directions,
as illustrated in Fig. 1. Therefore the electric and magnetic
fields are travelling in the air gap (Fig. 1(b)). In the ridge-
gap transmission line, losses are smaller than SIW transmis-
sion line due to that the electric and magnetic waves are
travelling in the air and host dielectric in the ridge-gap and
SIW transmission lines, respectively. Moreover, implement-
ing bend, slot or any disturbance in SIW transmission line
deteriorates the low-loss characteristic nature of it, because
of disturbing the host SIW transmission line characteristic.
However, the ridge-gap transmission line is less sensitive to
disturbance such as bend or slot. For instance, in both SIW
and ridge-gap, the loading effect of a bend in the transmission
line will be compensated, but the difference comes from the
fact that SIW is filled with dielectric, which has electric
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FIGURE 1. (a) Proposed ridge-gap waveguide. (b) Travelling electric fields
in the air gap. (c) Side view of travelling electric fields in the air gap.

and magnetic losses. In both SIW and ridge-gap, the loading
effect of the bend is compensated by truncating the corner,
but the wave will reflect several times at the corner. These
reflected waves in SIW and ridge-gap are travelling in air and
host dielectric, respectively, which make the SIW more lossy
to the disturbance in the transmission line.

Several techniques have been introduced in the literature
to design a low-loss 3dB 90° hybrid coupler, such as SIW
branch line couplers [5] and [10], and a two-layer SIW
coupler [11]. These techniques are high-loss at mm-wave
frequency range. Another problem with these techniques is
a high amount of output phase error which comes from the
progressive phase nature of them.

In this paper, a low-loss multi-aperture 3dB 90° hybrid
coupler with ridge-gap technology is designed and fabricated.
The coupler has a very low amount of output-phase error. This
is achieved by considering the fact that Bethe’s small cou-
pling aperture theory [12], cannot show an exact expression
for large square aperture in a multi-aperture coupler. In the
case of large square aperture, the coupling and isolation coef-
ficients are frequency dependent and the phase varies over
the large coupling aperture, which can be used to compensate
for the progressive phase nature of the coupler. In Section II,
the host RGW transmission line and the transition method
to microstrip are explained. In Section III, the theory of
the proposed phase compensated six-stage hybrid coupler is
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FIGURE 2. Dispersion diagram of the periodic unit cell of mushroom-like
ridge. The unit cell dimensions are D = 0.25mm, Rp = 0.38mm, L = 1mm,
hy = 0.5mm, hy = 0.25mm.

FIGURE 3. Dispersion diagram of the proposed ridge-gap waveguide

in Fig.1.

studied and developed. The proposed coupler is designed and
discussed in Section IV. In section V, experimental results are
measured and compared to the simulated ones.

Il. RIDGE-GAP WAVEGUIDE AND

TRANSITION TO MICROSTRIP

The proposed ridge-gap waveguide is shown in Fig. 1. The
electric and magnetic fields are captured between two metal
surfaces and two open side walls. By embedding some struc-
ture like a bed of nails along the two open sides, a band-gap is
obtained in x and y-directions. The dispersion diagram of the
ridge-gap unit cell, and the dispersion diagram of the ridge-
gap transmission line of Fig. 1 are carried out with CST, and
are shown in Fig. 2 and Fig. 3, respectively. As it can be seen
from Fig. 3, there is a band-gap between 45GHz to 68GHz.
Only the Q-TEM mode can propagate at this band-gap. The
ridge-gap waveguide operates based on the concept of
PEC-over-PMC plates to kill global TEM modes in a parallel-
plate waveguide (PEC-over-PEC), and has the unique prop-
erty of simultaneous propagation of several independent
degenerate local quasi-TEM (Q-TEM) waves. In the longitu-
dinal direction, it works as a PMC plate in the direction trans-
verse to the strips. Thereby, PEC-over-hard surface plates can
be seen as PEC-over-PMC plates in the transverse direction
and as PEC-over-PEC plates in the longitudinal direction.
As a result, any kind of propagation is suppressed except
for the TEM-like propagation along the strips, i.e., there will
only exist quasi-TEM waves propagating along the strips.
Therefore, the electric and magnetic fields can travel in the
air gap as illustrated in Fig. 1(b).
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FIGURE 4. Ridge-gap waveguide transition to microstrip waveguide.

FIGURE 5. Simulated scattering parameters of the proposed transition
from microstrip to ridge-gap waveguide in Fig. 4.

The presented technique in [9], is used for the transition
from the microstrip line to ridge-gap waveguide. The tran-
sition is shown in Fig. 4. The characteristic impedance of
the designed ridge-gap waveguide in Fig. 4 is 50 ohm. The
scattering parameters of the transition in Fig. 4 are carried
out with HFSS, and are shown in Fig. 5.

Ill. THEORY OF PHASE COMPENSATED SIX STAGE 90°
HYBRID COUPLER

The series coupling slot technique is used for designing a
3dB coupler, as shown in Fig. 6. There are several techniques
to increase the operating bandwidth of couplers, such as
using multiple series coupling slots [13]. The conventional
theory in the literature for designing multi-hole directional
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FIGURE 6. Geometry of the proposed six stage coupler.

couplers [13] assumes that the input power of feeding waveg-
uide is constant over all of holes because of its small amount
of coupling at the holes. However, this is not correct in
the case of very tight coupling above —10dB, since most of
the input power leaking to the coupled waveguide due to the
large amount of coupling at the holes. By considering the
six-slot coupling aperture structure in Fig. 6, we can define
the forward and backward coupled power components in
the upper waveguide, as shown in Fig. 6. The forward and
backward coupled power can be calculated as

P, = Ay (nH

n=6
P; = ZAncne—/ﬂ<6—”>S )

n=1
n=6

Py =) Aub,e P15 A3)
n=1

where A,, is defined as

Py, n=1

A = - n—1
" Ple_f("_l)ﬁsxl_[(l—b,-—Ci), n=273,4,56,7

i=1
“

For small apertures, the coupling and isolation coeffi-
cients (C,, and b,,) are frequency-independent quantities [12].
Square apertures are narrowband and high coupling structures
compered to small apertures. But Bethe’s small coupling
aperture theory [12] cannot show an exact expression for
large square aperture in a multi-aperture coupler. In the case
of large square aperture, the coupling and isolation coeffi-
cients (Cy, and b,,) are defined by [12]:

T hmfco 2
() (i)
Cn = by = 0.508 x W) x — e
2eo

)

The first term is given by Cohn [14], which takes into account
the effect of aperture resonant frequency (f;,). The exponen-
tial term is the correction factor for thickness of the coupling
wall (h;,;), and Q is an empirical parameter that models the
apparent extra electrical thickness of the coupling wall. For
circular apertures, Q is given by [14] as

aD

where D is the hole diameter, and « is a constant value
(0.065). This expression is not accurate for a large square
aperture. To correct Q, the different aperture widths are sim-
ulated with HFSS and the bellow equation for Q is fitted to
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FIGURE 7. Calculated discrete corrected Q factor and polynomial fit.

a polynomial functional form depending on the aperture size
as

0 = 0.02768W — 0.27583W2 + 0.85232W, + 0.97261
(7N

where W; is the aperture width in pum, and the coupling
wall thickness (h,,) is considered 0.127mm. The calculated
discrete corrected Q factor and polynomial fit are shown
in Fig. 7. The coupling of the structure is calculated in
Appendix-A and can be defined as (8), shown at the bottom
of this page.

The phase difference between the two output ports (8) is

0 =L (P3/P2) ©)]
The output phase difference can be simplified as
0 =061+6; (10)

which can be divided into two terms, the linear output phase
difference (61) and the large coupling aperture output phase
error (07). These two are calculated in Appendix-B and are
given in (11) and (12), as shown at the bottom of this page.

FIGURE 8. Large coupling aperture output phase difference. It is divided
into two terms, the linear output phase difference (¢;) and the large
coupling aperture output phase error (¢). 6, in (12) is not straight line
like the ideal 6, which is plotted in this figure.

The calculated 6; and 6, using (11) and (12) are plotted
using Matlab, and are shown in Fig. 8 versus frequency.
The large coupling aperture output-phase error (62) is zero
for the frequency lower than f,. For the frequency higher
than f,, it has a negative slope which can compensate for
the positive slope of 6. As a result, a very flat output phase
difference can be achieved for frequencies higher than f, if
01 and 6, have the same slope magnitude with different sign
like the ideal scenario showed in Fig. 8. However, 6, in (12) is
not straight line like the ideal 6, which is plotted in Fig. 8 for
frequencies higher than f,.,. The real 6; is plotted using HFSS
for a typical aperture to show the real behavior of 6, (Fig. 9).
feo defines the border between a small aperture area and a
large aperture area. In a small aperture area, there is not any
phase variation over the aperture. In other words, in small
apertures, the coupling and isolation coefficients (C, and b,)
are frequency-independent quantities [12]. £, is affected by
the aperture length (L;) and aperture width (Wy). However,
by considering that the aperture length (Ly) is five times
bigger than the aperture width (W), f., is mostly affected by
the aperture length (Ly). The design procedure for the coupler

6
2
t nf (_27Thmft:DQ 1— % )
- 1—1.016><W3><Me H-(%)
2fco
Coupling = 10log 5 ®)
6 = BS (11)
6
tan(zni) <*2nhrcn(§wQ\/]7<cho>2>
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2
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FIGURE 9. Simulated phase difference using HFSS for different values of
Ws and Ls. We considered that the distance between apertures (S) is
1.875mm, and the coupling wall thickness (hm) is 0.127mm.

is explained in next section. The coupler, which is defined
in the next section, is simulated using HFSS. Fig. 9 shows
the simulated phase difference for different values of W, L,
01 and 6. We considered that the distance between aper-
tures (S) is 1.875mm and the coupling wall thickness (%,,) is
0.127mm. As it can be seen from Fig. 9, the aperture resonant
frequency (f,) is mostly affected by the aperture length (Ly).
Changing the aperture length (L) will also affect the slope of
the 6. It is also can be seen that the slope of 6, is proportional
to the aperture width (W;), but it does not have a significant
impact on the aperture resonant frequency (f;,). The slope
of 6 increases by increasing W;. We expected this behavior
because of the fact that by reducing Wy, the coupling strength
of the aperture will be reduced and it will act like a small
coupling aperture with frequency independence.

IV. DESIGN OF THE PROPOSED COUPLER
The above mentioned theory is used to calculate the initial

value for the coupling aperture size of the proposed six stage
coupler. The final schematic of the coupler based on the
ridge-gap technology is shown in Fig. 10. The coupling aper-
ture dimensions are indicated in Fig. 10. The thickness of the
coupling aperture wall is considered 0.127mm, and then Q
factor is estimated by (7). In the previous section, it is shown
that in large coupling apertures at the frequencies higher than
Jeo» 02 has a negative slope, which can compensate for the
positive slope of 6. As it is shown in the previous section,
the aperture resonant frequency (f;,) is mostly affected by the
aperture length (Ly), and it is also shown that the slope of 6,
is proportional to the aperture width (Wy), but it does not have
a significant impact on the aperture resonant frequency (f;,)
(Fig. 9). Moreover, the total coupling can be calculated by (8),
which is a function of the aperture width (W) and the aperture
resonant frequency (f;,) directly, and it is absolutely a func-
tion of the coupling wall thickness (%,,), which is considered
to be 0.127mm. The coupling is not directly a function of
the aperture length (L;); however, the aperture resonant fre-
quency (f;,) is effectively affected by the aperture length (Ly).
Moreover, the coupling is a function of Q factor, and the
Q factor is a function of the coupling wall thickness (%,,)
and the aperture width (Wy). However, in this work, the Q
factor is estimated for a fixed value of h,, that is equal
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FIGURE 10. Geometry of the proposed two layer 3dB 90° hybrid coupler.
(Ws = 0.35mm, Ls = 1.2mm, D ;5 = 0.3mm, D = 0.52mm).
to 0.127mm.

The first step for designing the proposed coupler is select-
ing the proper values for the aperture width (Wy) and the
aperture length (L) in a way which 6, has the same slope
magnitude like as #; with different signs, to compensate for
the progressive phase of 6; and to obtain a very flat phase
response. On the other hand, W and L will affect the amount
of the coupling. However, the effect of L; on the coupling
is through the aperture resonant frequency (f;,) that is much
less compared to the aperture width (Ws). Thus, at first the
proper value is selected for W; to give us the 3dB coupling.
After that, by optimizing L; and S (aperture spacing), the
proper values for L and S can be chosen to compensate for
the progressive phase of 61 by 8, and satisfied the condition
of 01 (fco) = 90°. Applying this procedure, the aperture
dimensions are founded as Wy = 0.35mm, Ly = 1.2mm and
S = 1.875mm.

In (5), the coupling and isolation coefficients (C, and b,)
are given for a completely PEC coupling wall [12], but in
our design, Rogers RO3003 is used as a coupling wall. The
upper and lower sides of the coupling wall are PEC, but
four sides on the aperture, between the upper and lower
sides are not PEC (Fig. 11(a)). If we consider the coupling
wall as a parallel PEC waveguide, filled by RO3003 sub-
strate, the following equation can be written for a shorted
waveguide (Fig. 11(b))

E. (W
Z, = }T; =j (F) 1 tan ked (13)

The surface impedance on the edge is zero whend = 4,/2,
which corresponds to a PEC wall as indicated in Fig. 11(c).
Ag is the wavelength in the parallel plate waveguide filled
with RO3003 substrate.
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FIGURE 11. PEC coupling aperture composes of 14/2 shorted parallel
plate waveguide filled with RO3003 substrate.

FIGURE 12. Magnitude of the travelling electric fields.

Fig. 12 shows the travelling waves inside the coupler. The
simulated scattering parameters of the proposed ridge-gap
coupler are carried out using HFSS (Fig. 13). As it can be
seen from Fig. 13, the insertion loss in the operating band-
width (57GHz to 64GHz) is lower than 3.5dB, which shows
the very low-loss nature of the proposed ridge-gap coupler.

V. EXPERIMENTAL RESULTS

Fig. 14 shows a photo of the fabricated coupler. For measur-
ing the fabricated coupler, we need to consider the connector
response and length of the feeding microstrip transmission
lines in the calibration procedure. Fig. 15 shows the frequency
response of the connectors and feeding microstrip lines.

VOLUME 5, 2017

FIGURE 13. Measured and simulated results of the proposed ride-gap
3dB 90° hybrid coupler.

FIGURE 14. Photo of the fabricated proposed ridge-gap coupler.
(a) Coupling wall. (b) Feeding microstrip line. (c) Host ridge-gap.
(d) Proposed ridge-gap coupler.

A connector (1.85mm end lunch connector with part num-
ber of 1892-03A-5 from Southwest-Microwave Inc.) is used
to test the proposed coupler. This connector works up to
the frequency of 67GHz. The connector behavior is not
given above this frequency by the company. Thus the circuit
in Fig. 15(a) is used to see the connector response at higher
frequency and also calibrating the measurement equipment.
As it can be seen from Fig. 15(b), in the frequencies lower
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FIGURE 15. Test setup for measuring the connector and feeding
microstrip line responses. (a) Test circuit. (b) Measurement results.

FIGURE 16. Output phase response of the proposed ride-gap 90° hybrid
coupler.

than 66GHz, we have 2dB to 5dB loss, which is due to the
feeding microstrip line at these frequencies. In the frequen-
cies around 67GHz, there are some resonances which are
due to the connector response. This behavior can be seen in
the measurement results in Fig. 13. In this figure, the losses
due to the microstrip feeding lines and connectors are taken
into account by calibrating the measurement equipment. The
output phase response of the proposed coupler is shown
in Fig. 16. Some of the coupler parameters are compared with
the equivalent presented couplers in the literature in Table 1.
As it can be seen from this table, the first unique advantage
of this technology is the low-loss nature of the ridge-gap
transmission line. For instance, the insertion loss is lower than
3. 5dB in the operating frequency-band (57GHz to 64GHz).
The second advantage of this design is the output phase error,
which is lower than 1 degree in the operating frequency-band.

VI. CONCLUSION
A novel millimeter-wave 3dB 90° hybrid coupler fabricated
with ridge-gap technology has been designed in this paper.
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TABLE 1. Proposed Ridge-Gap Coupler Compared With Other Equivalent
Presented Coupler in Literatures.

OPERATING MAXIMUM Maximum
FREQUENCY INSERTION output phase
BAND LOSS error (degree)
Proposed ridge-gap 57-64 GHz 3.5dB 1
coupler
Ref [3] 93-95 GHz 5.2dB 3
Ref [5] 9-11 GHz 3.9dB 2.6
Ref [6] 11-14 GHz 3.95dB 2.15

The dispersion diagram of the proposed ridge-gap transmis-
sion line has been extracted, and a transition to the microstrip
transmission line has been presented. The multi-coupling
aperture technique has been used for designing the coupler.
The formulas have been developed to model the large cou-
pling apertures where Bethe’s small-aperture coupling theory
does not lead to a good prediction. The phase response of the
large coupling apertures have been used to compensate for the
output progressive phase of the coupler. The proposed coupler
has a very low insertion loss at millimeter-wave frequency
range. It has been explained that why the proposed ridge-gap
coupler has a very low insertion loss compared to the other
millimeter-wave couplers made with other technologies such
as SIW or microstrip.

APPENDIX
A. CALCULATE THE COUPLING
P53 can be extracted by substituting A, and Cy in (2), with
assuming that Cy, are equal to b, which are equal for the six
apertures (C, = b, = C).
Py = A1 Ce P55 A, Ce™ P4 4 A3Ce™ P35 4 A4Ce P
+A5Ce™PS 1 A,C (14)

By substituting A, from (4) into (14), we have

Py = P1CePS[1+(1-20)+ (1 =202+ (1 -2C)°
+(1=20*+1 =201 (15)

The finite geometric series has the following simple formula

1 — x"t!
1+x+x2+x3+x4+m..+x”=:—T———— (16)
— X
Simplifying (15) using (16) p3=1ﬁéﬁ%S[I_U_QCW]
2
(17)

By substituting C from (5) into (17), we have (18), as shown
at the top of the next page.

B. CALCULATE THE OUTPUT PHASE DIFFERENCE

The phase difference between the two output ports (6) is given
by (9). P> can be written as

Mi)_) Py = Py (1 —2C)% /P08

19)
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| A 6
1= | 1-1.016 x W2 x _ta“g?;fli‘i)e(_w (%) )
P3 7%
Coupling = 101log ﬂ' = 10log 5 (18)
_ .
1— | 1-2%0508 x W3 x _m“(jme(W () )
2fco
e N © 2D
2[1-2x0.508 x W3 x —ta“(jﬁ’)l_wm)
2fco

substituting P3 and P; in (9)

by (17) and (19) b st/ 1—(1-2C)°
= pS+ [2(1—20)6}
(20)

By substituting C from (5) in (20), (21) can be achieved for
the output phase difference, as shown at the top of this page.
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