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In this paper, a new class of broadband and low-loss transmission line called slotted rectangular waveguide (SRW) is proposed and
analyzed. The proposed SRW consists of the rectangular waveguide and the inverted low-loss slotline, which can selectively
suppress the higher-order mode (TE20 mode) and broaden the single dominant mode (TE10 mode) bandwidth in a rectangular
waveguide (RW). The design principle and transmission characteristics of the SRW are illustrated and analyzed in this work. The
transmission dominant mode bandwidth of the proposed SRW is analyzed and compared with the classic rectangular waveguide
(RW), in which the dominant mode bandwidth of 60-155GHz (88.4% bandwidth) is broader than the RW bandwidth of
60-116 GHz (63%). Two feed structures that can excite the two operating bandwidths (W and D band) of them separately are also
designed. The SRW and transition exhibit broadband and low-loss characteristics from 75GHz to 155 GHz, in which the

transmission loss is lower than 0.68 dB and the return loss is over 18 dB.

1. Introduction

With the ever-increasing development of microwave com-
munication systems, the integration of broadband and
multiband interconnections and components into the same
device has widely been required [1]. The transmission line is
essential for the practical use of systems and circuits op-
erating over the megahertz-through-terahertz frequency
range [2]. Transmission lines with broadband and low at-
tenuation play a critical role in microwave and terahertz
backhaul links, which inhabits a special status in wireless
communication and test systems.

Rectangular waveguide (RW) has been the hot spot of
intense research for over four decades. The rectangular
waveguide generally has a higher Q factor, lower loss, and lower
insertion against other transmission lines [3, 4]. The rectan-
gular waveguide is applied to various microwave and terahertz
backhaul links. Nevertheless, the rectangular waveguide is

limited in bandwidth: the low frequency is related to the cut-off
frequency f. and the higher frequency is limited to higher-
order modes, e.g., TE20 mode, TEOl mode, and TE11 mode
[3, 4]. According to the cut-off frequency formula in [4], the
first higher-order mode is the TE20 mode. The transmission
lines based on the dominant mode are inevitably affected by
higher-order modes, limiting the development of wireless
communication systems [4, 5]. Single-mode operation in a
rectangular waveguide is very important since the existence of
multi modes may arouse distortions of carried signals due to
modal dispersion. A large number of higher-order modes
causes different group velocities in the transmission line,
leading to signal distortion, as shown in Figure 1. However, it
can still be used as a transmission line when the higher-order
mode power is low.

Single-mode operation is crucial to achieving high trans-
mission efficiency and stable system performance, where tre-
mendous efforts have been devoted to suppressing higher-
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F1GURE 1: Signal distortion caused by the high-order mode of a transmission system.

order modes and improving single-mode bandwidth. Inno-
vative waveguiding technology has been developed to fulfill all
or part of these needs. A new version of the guide, called the
ridge rectangular waveguide (Ridge RW), was proposed in
[6, 7]. The role of the ridge is to increase the capacitance
between the wide walls by reducing the size of the maximum
E-field region parallel to the E-field. The advantages of ridge
RWs compared to RWs are that these structures can maintain
the characteristics of the waveguide, reduce the bandwidth of
the cut-off frequency, and then broaden the single bandwidth
of the dominant mode, which makes it have low loss and
considerable bandwidth. However, the ridge waveguide suffers
from the problem of process and integration. When working at
high frequencies, the size of the ridge waveguide is relatively
small, which makes it challenging to fabricate. In addition, the
ridge waveguide is not easy to integrate with other planar
transmission lines.

In this paper, we present a new method to broaden the
single bandwidth of the dominant mode of RW. By cutting a
long slot in the center of the longer side of the RW, called a
slotted rectangular waveguide (SRW), with an inverted PCB
substrate, the dominant mode bandwidth can be expanded
from 60-116 GHz (63% bandwidth) to 60-155GHz (88.4%
bandwidth). This paper is organized as follows: the novel
design of the SRW structure and the theoretical analysis are
depicted in Section 2. Section 3 provides the results and
discussions, and a brief conclusion is finally given in Section 4.

2. SRW Design and Theoretical Analysis

2.1. Structure of the Slotted Rectangular Waveguide (SRW).
Figure 2 shows the schematic of the slotted rectangular
waveguide, which consists of the rectangular waveguide and
an inverted slotline. Furthermore, the two substrates are
stacked to construct the transmission line. The inverted
substrate is designed on a piece of Rogers 5880 substrate
with ¢, = 2.2, tan § = 0.0009, and h, = 0.127 mm. The slot
on the embedded SRW is designed to disturb the current
distribution of the RW, suppressing the higher-order mode
(TE20 mode). We know that the width w2 of the waveguide
slot causes radiation, affecting transmission loss and the
single bandwidth of the dominant TE10 mode. Detailed
values are listed in Table 1.

2.2. Operating Principle. According to the boundary con-
ditions of the ideal conductor surface, the current density of
the waveguide wall can be described as follows [3, 4]:

.=, xH, (1)

where ¢, is the unit vector of the normal direction outside
the tube wall and H is magnetic field strength on the inner
surface of the tube wall.

For the TEmn mode, the magnetic field component of
the rectangular waveguide can be given by [3, 4, 8]
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where H,, is the magnitude of the magnetic field, a and b are
the width and height of the RW, = +/k2—kZ is the

propagation constant, and k, = \/ (mnla)* + (nn/b)* rep-
resents the cut-off wavenumber.

According to the method in [4, 8-10], the current of the
waveguide wall can be solved by (1) and (2). The current
distribution on the four sides of the waveguide can be di-
vided into two cases, which are x=0 and y=0.

Case I: When x=0, (2) results in

H,(0,y)=H,, cos(%y)e_jﬂz,

{ H,(0,y,2) =0, (3)
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Also, by substituting (3) into (1), the current density of
the waveguide wall can also be derived as

(4)
-l nmwo\ _ig— ][j’th . (NN
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Using the general root mean square average for the
current, we obtain the following equation:
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FIGURE 2: Schematics of the proposed SRW structure.

TaBLE 1: Dimensions of the SRW and the feeding structure.

Parameter d w; W h, h, L, I, I3
Value (mm) 254 01 07 06 0127 10 1 10
Parameter Iy X X, X3 §2) Y2 V3 I5
Value (mm) 30 09 09 0.9 0.1 04 0.6 5
Parameter Ig 1, Xy X5 Xg Ya Vs Ve

Value (mm) 5 30 0.69 069 069 01 02 0.23
- 1 nr 1( pnm 2 nr
2 2 2 2 .2
77 = tteor () -5 (g ) i ()

- %an [cosz(n—;y) (1 _<%>2> +<[Z;_;’T>2]

Therefore, when cos® (nn/by) = 1, Ifl2 reach the max
value

(5)

0)
0, (6)
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Note that n =0 means TEmO mode, e.g., TE10 and
TE20 mode can reach maximum value. When x =g, we
get the same results as above.

Case II: When y =0, the (2) can be written by

T[ i
H,(x,00 =H,, cos<m—x>e b,
a
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By substituting (7) into (1), we have
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When cos? (mn/ax) =1, |7|2 reach the max value, we
obtain the following result:

m =0,
m=1andx =0ora, (10)

a
m=2and x :E orOora,

where m =0 means the |J|* of TEOn mode reaches a
maximum value; m = 1 and x = 0 or a mean the | J|*> of TE10
mode can reach maximum when x=0ora;
m = 2and x = a/2 or 0.

ora mean the |J|* of TE20 mode can reach maximum
when x =a/2or0ora. .

When cos? (mmn/ax) = 0, | J|* reach the min value.
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where m = 1and x = a/2 means the | J|* of TE10 mode can
reach a minimum when x = a/2; m = 2and x = a/4 or 3a/4
mean the | J|* of TE20 mode can reach a minimum when
x = al4 or 3a/4. When y = b, we get the same result as above.
Above all, we can get the current amplitude of TE10 and
TE20 modes [4, 8]. Based on the current distribution
mechanism of the waveguide wall, the normalized current
amplitude of TE10 and TE20 modes on all four sides of the
waveguide are shown in Figure 3. It implies the shorter sides
of RW reach their maximum, whether in TE10 mode or
TE20 mode. It can be observed that when at x=a/2, the
TE20 current amplitude reaches the maximum, whereas, the
TE10 current amplitude reaches the minimum. Therefore, it
is vital to suppress the current of TE20 mode at this position.
Adding a slot to the longer waveguide x = a/2 can disturb the
current distribution and affect the electromagnetic field.
And, the field of TE20 mode can be suppressed or radiated in
SRW, and then the single bandwidth of the dominant mode

(quasi-TE10 mode) can be broadened.

3. Results and Discussion

The novel proposed broadband transmission line is simu-
lated and optimized using a commercial full-wave electro-
magnetic solver Ansys HESS [11].

3.1. Field Distribution. The yield field distribution of SRW
and RW at different frequencies is presented, clearly dis-
tinguishing the dominant or higher-order modes [4, 12]. The
phenomenon of broadening the single dominant mode
bandwidth of RW with increasing frequency is observed,
evidenced by the field distributions of various field com-
ponents. The dimension of the RW is W-band size
(2.54mm x 0.6 mm), and the single dominant band is
75-110 GHz. The field distribution curves depicted in Fig-
ures 4 and 5 are normalized maximum magnitudes of E field
components and H field components, respectively, along the
x-axis (0 mm to 2.54 mm) from 90 GHz to 150 GHz in in-
crements of 20 GHz. The solid lines are the field distribution
of SRW, and the dashed lines are the field distribution of
RW. From Figure 4, the IEyl and |H, | curves of RW become
approximately one half sinusoidal wave from 90 GHz to
110 GHz, and gradually appear one sinusoidal wave (TE20
mode) with increasing frequency whereas the IEyI and |H,|
curves of SRW curves only have one half sinusoidal wave by
increasing the frequency of operation, illustrating the
higher-order mode (TE20 mode) is absent or rare in SRW.
Furthermore, it is shown clearly that |H | of RW has one half
cosine wave at 75-110 GHz and increases one half cosine
wave with increasing frequency. And the |H,| of SRW has
one half cosine wave by increasing the frequency of oper-
ation, thereby making the whole curves approximately
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FIGURE 4: Normalized E field components distribution of SRW: (a)
normalized |H,| and |H yl field components distribution and (b)
normalized |H,| field component distribution.

suppress the higher-order mode (TE20 mode). Both |E,|,
|E;| and |H | of SRW are as small as zero with increasing
frequency, which agrees with the quasi-TE10 mode char-
acteristics of RW. As the frequency continues to increase,
these facts reveal that the field distributions of SRW re-
semble those of the fundamental mode TE10 from 75 GHz to
155 GHz.

To further explain this problem, Figure 6 is the sketched
picture of the E-field distribution of RW and SRW at
150 GHz, in which the wave-ports of structures are only
excited by the higher-order mode (TE20 mode) simulta-
neously. Figure 6 illustrates that the higher-order mode
(TE20 mode) of SRW cannot be transmitted and excited
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FIGURE 6: RW and SRW are only excited by TE20 excitation: (a) the E field of RW at 150 GHz and (b) the E field of SRW at 150 GHz.

completely, whereas the TE20 mode of RW can be excited.
These results reveal that SRW is difficult to excite by the
higher-order mode (TE20 mode) due to the slot in SRW.
Above all, Figure 7 shows the dominant and higher-order
mode transmission coefficient of the RW, SRW, and Ridge
RW. The solid lines are the TE20 transmission, and the
dashed lines are the TE10 transmission. The black line, red
line, and blue line represent Ridge RW, RW, and SRW, re-
spectively. The higher-order mode (TE20 mode) of the RW is
excited at 116 GHz, and the higher-order mode of the SRW
has a sudden downward trend at 116 GHz, where the higher-
order mode (TE20 mode) is suppressed to —15 dB. The green
dot-dashed line is the light line for the transmission coeffi-
cient of —15 dB. Deteriorating the transmission coefficient of
the TE20 mode means that the higher-order mode (TE20
mode) is suppressed. Furthermore, the purple area is the
dominant bandwidth of the RW (60-116 GHz), the green area
is the dominant bandwidth of the Ridge RW (53-123 GHz),
and the blue area is the dominant bandwidth of the SRW
(60-155 GHz). The reason for the broadband of the ridge
waveguide is that the cut-off frequency is lower than RW, and

the high-order mode is higher than RW. In summary, Table 2
compares the transmission characteristics of the various
transmission lines. Compared with RW/Ridge RW, SRW has
advantages in broadband. Due to the fact that RWs have a
small size at high frequencies, the ridge waveguides are
difficult to process at high frequencies. As mentioned above,
the slot in SRW suppresses the higher-order mode (TE20
mode) and broadens the bandwidth of the dominant mode
(TE10 mode).

3.2. Transmission Performances. Figure 8 shows the trans-
mission coeflicient of the TE10 mode and the TE20 mode for
different dimensions of slot width w2. It can be observed that
the width of slot w2 affects the transmission coefficient
significantly, which results in deterioration insertion loss of
TE10 mode and TE20 mode with slot w2 increasing. This
means that the higher-order mode (TE20 mode) can be
suppressed. However, the insertion loss of the dominant
mode (TE10 mode) deteriorates with slot w2 increasing. To
achieve low loss and broadband performance, we choose a
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TasLE 2: Comparing the transmission characteristics of transmission lines.

Type Mode Bandwidth (GHz) Fabrication Loss Size

RW TE,  60-120 (66.7%) Middle Low 0.847 A2x 0.2 A

Ridge RW TE o 53-123 (79.35%) Low freq: middle; high freq: hard ~ Low  0.847 Ajx 0.2 A (ridge height 0.07 A;)
SRW TEyo 60-155 (88.4%) Middle Low 0.847 A2x 0.2 A

Ag is the air wavelength at 100 GHz.
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FiGure 8: Simulated transmission coefficients of TE10 mode and
TE20 mode for slot width w2=0.3, 0.5, 0.7, 0.9, and 1.1 mm.

suitable value of w2 to compromise between insertion loss
and broadband. Finally, it is decided that w2 is 0.7 mm,
which means the transmission of the high-order mode
(TE20 mode) deteriorated by -15 dB, and it can be regarded

as the higher-order mode did not show up. In consideration
of low loss, Figure 9 shows the |S|-parameters for the tri-
angular and straight slots, respectively. Interestingly, good
matching is achieved in the triangular slot for reflection
coefficients below —20dB and transmission coefficients are
higher than —0.6 dB from 75 GHz to 155 GHz.

3.3. The Feeding Structure and Result. This section explains
the impedance matching of the SRW. The transitions from
standard waveguides to the SRW have been designed and
optimized to verify the transmission characteristics. The
transitions from standard waveguides to the SRW have been
designed and optimized to verify the transmission charac-
teristics. Since the operation bandwidth for the SRW is from
75-155 GHz, we need two transitions to different standard
waveguides: one to the W band standard waveguide WR-10
and the other to the D band standard waveguide WR-7.
Figure 10 is the geometry of the transmission line with
Chebyshev impedance matching and feeding structure,
which is a back-to-back structure. Here, the excited wave-
port used in HFSS is defined as the width and the height of
standard RW, where the size is the same as WR-10 and WR-
7. For the W&D band transition, the Chebyshev impedance
matching structure with three stepped ridges is used, and
then the height is changed to the standard waveguide by
tapering, as shown in Figure 10. This gave a good match. The
simulated results for this transition are shown in Figure 11,
where the reflection coefficients are lower than —18 dB, and
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FIGURE 10: Two transitions from the SRW in Figure 2 to standard waveguides WR-10 and WR-7: (a) W band transition and (b) D band
transition.
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FiGure 11: The simulated S parameters for the transitions between
75 and 155 GHz.

the transmission coefficients are higher than —0.68 dB over
75-155GHz. All the values of the design parameters are
given in Table 1, and excellent transmission can be obtained
for these parameters.

4. Conclusions

We have presented a novel broadband transmission line for
millimeter-wave applications. In the proposed concept, the
slotted rectangular waveguide called SRW is constructed by
an inverted slotline. The simulated performance and oper-
ating principles of the prototypes were presented to verify the
performance of the proposed concept. Broadband and low-
loss performance have been successfully achieved in a range
from 60 GHz to 155 GHz (88.4% bandwidth) with the single
dominant mode of TE10 transmission. Moreover, transitions
of the SRW are also proposed with an insertion loss of 0.68 dB
at 155 GHz. The higher-order mode of the RW shows critical
bandwidth limitations that the slot of RW (SRW) suppresses
the higher-order mode current and shows the potential to
overcome. The proposed unique architecture opens up an
opportunity to provide broadband and low-loss waveguide
and devices. According to the transmission performance
comparison of the classical RW, the proposed design is at-
tractive in ultra-broadband wireless communications.
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