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Abstract—In this paper, a novel compact quasi-elliptic waveguide
low-pass transmit reject filter (TRF) by wusing T-shape units
is proposed for Ku-band very small aperture terminal (VSAT)
transceivers. The equivalent circuit model of the T-shape unit is
investigated and shows a topology similar to that of the elliptic low-
pass filter. In order to reduce the difficulty in physical realization,
which is commonly encountered with a standard elliptic low-pass
filter, an approximate elliptic low-pass filter prototype is presented.
Accordingly, a synthesis approach is developed to obtain the initial
dimensions of the filter. To optimize the performance of the filter, full-
wave electromagnetic simulation is used to fine-tune the dimensions
of the filter. An eleven-order Ku-band low-pass TRF is designed
and fabricated using a WR-75 waveguide. Measured results show it
has a low insertion loss of less than 0.3dB in the pass band and a
high attenuation slope of 78 dB/GHz. Moreover, the miniaturized size
of the filter is only 38 mm x 38 mm x 42mm (WR-75 flange size is
38 mm X 38 mm).

1. INTRODUCTION

In recent decades, very small aperture terminal (VSAT) networks
have spread throughout the world. The demand for small VSAT
transceivers has increased because of their portability, low cost and
high reliability. Since the transceiver contains both transmitter and
receiver, a transmit reject filter (TRF) unit is required to reject
transmitting signal and noise leakage from the transmitter, which can
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adversely affect the operation of the low noise amplifier in the low
noise block (LNB). Typical receiving frequency band and transmitting
frequency band of Ku-band VSAT station are 10.7-12.75 GHz and 14—
14.5 GHz, respectively [1]. The gap between the two frequency bands
is very small, thus a high out-of-band rejection TRF with sharp-skirt
characteristic is indispensable in order to effectively attenuate leakage
transmit signal. Furthermore, a low insertion loss in the pass band of
the TRF is required for reducing the noise level of the receiver.

Since the TRF requires a low insertion loss, this means microstrip
line filters [2-9] cannot meet this requirement. Low-pass filters with
defected ground structure (DGS) [10-15] have been received increased
attention in recent years for their unique features such as sharp cut-off
frequency response, compact size and good performance in both the
pass band and the stop band. However, their insertion loss is also too
high for them being used as TRFs. Many types of waveguide filters
can be used as TRFs [16-20]. Those filters have very low insertion
loss in the pass band and high attenuation in the stop band, but bulky
structure makes them unsuitable for compact transceivers, especially
when the block of up converter (BUC), LNB, ortho-mode transducer
(OMT) and TRF units are integrated in a small sealed housing.
Dielectric- filled rectangular waveguide filters [21] dramatically reduced
the size of the conventional air filled rectangular waveguide filters.
However, their insertion loss is increased due to the dielectric loss.
Substrate-integrated waveguide (SIW) filters [22-29] show a compact
size, but high insertion loss prohibits them from being used as TRFs.
Elliptic function filters [30] have very good selectivity performance, but
they are hard to physically realize with the rectangular waveguide.

A miniaturized waveguide low-pass filter with an elliptic function
response for Ku-band VSAT transceiver is presented in this paper,
as shown in Fig. 1. The equivalent-circuit model for the T-shape
unit is developed. Then, a quasi-elliptic low-pass filter prototype
network, which is much easier in the physical realization is proposed
to synthesize the dimensions of the filter. After the initial dimensions
of the filter are obtained, CST Design Environment is used to optimize
the performance of the filter. The design method and proposed filter
are validated by achieving a good agreement between experiment and
simulation. Both simulated and experimental results show that the
proposed TRF achieves a very sharp cut-off response with a low
insertion loss. Meanwhile, the designed TRF shows a compact size
of 38 mm x 38 mm x 42 mm including the size of the waveguide flanges.
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Figure 1. Structure of the proposed low-pass filter. (a) Side view.
(b) Top view. (c) T-shape unit.

2. EQUIVALENT CIRCUIT FOR THE T-SHAPE UNIT

The T-shape unit can be modeled as an open E-plane T-junction with
a series short-circuited stub and main waveguide with reduced height
in its cross section, as shown in Fig. 1(c). The equivalent circuit of the
T-junction can be obtained from [31], as illustrated in Fig. 2(a), where
Zm and Z is the normalized characteristic impedance of the reduced
height waveguide and short-circuited stub, respectively. The value of
d, and Iy can be obtained from [31], then the susceptance looking
forward to the short-circuited stub from the reference plane 7" can be
achieved by the following expression

1
JBs = ~j— cot(Bl) ()

where, m is the transformer ratio for open E-plane T-junction defined
by N. Marcuvitz in [31], 3 is the phase constant of the short-circuited
stub waveguide, [ =[5+ [y is the effective length of the short-circuited
stub waveguide. Accordingly, the total series susceptance caused by
the short-circuited stub and T-junction is the sum of the Y and Y;. By
selecting I to satisfy Yy = —Y, a parallel resonator can be obtained.
Therefore, the open E-plane T-junction with the series short-circuited
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Figure 2. Equivalent circuit of: (a) T-junction with a short-circuited
stub. (b) Reduced-height waveguide. (c) T-shape unit.

stub can be modeled as an equivalent L-C' parallel resonator, as shown
in Fig. 2(a). By forcing them to have the same resonant frequency fy
and same susceptance at the cutoff frequency f. (f. < fo) of the filter,
the equivalent Ly and Cy can be extracted as

1 w Y. T Ag0

Coy=————|-Zcot|=%)-B 2

* T Zpwi — w2 [m2co <2 Age @)

1

Ly = —— 3

3 w%C’s 3)

where Zj is the reference impedance of the filter, wy and w. are the
angular frequency corresponding to fy and f., respectlvely, =1/Z,

is the normalized characteristic admittance of the short- c1rcu1ted stub,
Ago and Ay is the operating wavelength of the short-circuited stub at
the frequency fy and f., respectively.

The short length of a waveguide with reduced height can be served
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as a T-network as illustrated in Fig. 2(b). By imposing them to the
same ABCD matrix, X,,/2 and By, can be derived as follows.

— = Zptanb,, (4)
B,, = Y, sinb,, (5)

where Y,,, and 6, are the normalized admittance and electrical length
of the height-reduced waveguide, respectively. If Z,, < 1 and 0,, <
7/4, the inductance of the T-network can be neglected and the short
height-reduced waveguide is simplified as a shunt capacitance, as shown
in Fig. 2(b). The equivalent shunt capacitance is found to be

p ZO We (6)
where [, is the length of the height-reduced waveguide.

With the equivalent circuits mentioned above, the whole
equivalent model of the T-shape unit can be represented by a lump L-
C' network, as shown in Fig. 2(c). Observing the equivalent circuit, it
shows a topology similar to that of an elliptic low-pass filter. Therefore,
the circuit shown in Fig. 2(c) should give an elliptic low-pass response
by selecting each parameter properly.

The asymmetrical T-shape unit can be approximated as a
symmetrical unit with a step in the FE-plane, as shown in Fig. 3.
Considering the effect introduced by the step, an extra capacitance
Cps is added in shunt configuration, as shown in Fig. 3.

In order to verify the equivalent circuit discussed above, a low-pass
filter using a T-shape unit with a direct-coupled input and output
rectangular waveguide is investigated. The physical structure and
equivalent circuit of the filter are shown in Fig. 4. The dimensions of
filter are optimized by using CST Design Environment and obtained
as ¢ = 19.0bmm, b = 9.525mm, b,, = 4mm, by = 3mm, [, =
1.5mm, and Iy = 8.525mm. Accordingly, the equivalent L-C values
can be found from (2)-(6). The value of the Cps can be obtained
from [31]. The calculated equivalent L-C' values are Cps = 0.0133 pF,
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Figure 3. Equivalent circuit of asymmetrical T-shape unit.
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Figure 4. Low-pass filter using one T-shape unit. (a) Physical
structure. (b) Equivalent circuit.
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Figure 5. Simulated frequency response of the filter using one T-shape
unit.

Cp = 0.0271pF, Ly = 1.45nH, and C, = 0.137 pF, respectively. The
reference impedance of the filter is chosen to be Zy = 470 Ohms, which
is the wave impedance at 13 GHz inside the waveguide. The equivalent
L-C circuit is simulated using Agilent ADS. Fig. 5 shows the simulation
results of the filter using both the equivalent L-C circuit and 3-D
physical structure. As shown in Fig. 5, an elliptic low-pass response
is observed. The two simulation results are in very good agreement
within the pass band and lower stop band of the filter. Due to the
impact of the higher-order modes in the waveguide, a second harmonic
resonant frequency is observed in the 3-D physical structure based
simulation result, which may cause a deviation from the equivalent
L-C circuit based simulation result.
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3. PROTOTYPE AND SYNTHESIZED METHOD

It is hard to synthesize a rectangular waveguide low-pass filter using
the standard elliptic function element-value [32]. This is due to
the fact that inductances and capacitances between the resonators
show a high variation, which results in a difficulty in its physical
realization. To obtain a proper prototype network, which is suitable for
the rectangular waveguide realization and retain the elliptic function
response at the same time, an approximate quasi-elliptic low-pass
filter prototype network is proposed. The proposed network is
derived from the Chebyshev response filter by replacing the inductance
with a proper parallel resonator, as shown in Fig. 6. The element
value of the Chebyshev response network can be obtained by using
the available Chebyshev function table with proper impedance and
frequency scaling. Choosing the resonant frequency of the parallel
resonator properly at the stop band of the filter and equalizing the
susceptance of the parallel resonator to 1/jw Ls. at the cut-off frequency
of the filter, Ly and Cs of the resonator can be obtained. By setting
the value of Cp; equal to that of Cp; (i =1,2,3...), the initial values
of the proposed quasi-elliptic filter prototype network are determined.
Then, by using the circuit simulator, such as Agilent ADS, optimized
L-C values of the proposed prototype network can be obtained.

The physical dimensions of the filter can be synthesized by using
the L-C values of the proposed elliptic low-pass filter net-work. The
normalized characteristic admittance of the short-circuited stub can be
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Figure 6. Chebyshev function low-pass filter net-work and proposed
elliptic low-pass filter net-work.



400 Xu et al.

transformed from (2).

2 _ 2 A
Y, = m? [C’SZOWO We 4 B] tan (72r )\g0> (7)
c gc

As Y; = b/bg, bs can be calculated as follow

b
bs = w22 by (8)
m2 {CsZoiow <+ B} tan (g )\90>
c gc
The length of the stub can be obtained as
A
lg = %arccot (mQBZS) —ly (9)
T

Similarly, the effective length of the short height-reduced
waveguide is
A CpZ,
lm = “Larcsin Wep20
2w .

(10)

In order to obtain the physical length of the short height-reduced
waveguide, an extra length should be subtracted from the [,,, according
to the reference plane of the T-junction, as shown in Fig. 2. It is noted
that the initial values of m, B, Iy and d,, are unknown because those
values are closely related to the structure of the T-junction. In our
design, the initial values are set to be m = 1, B = 0, I, = 0, and
dm,n = 0, respectively. After the dimensions of the filter are calculated
by using (7)—(10), then the value of m, B, Iy and d,, can be obtained
from [31] by using the calculated dimensions, effectively forming an
iterative procedure. Employ the iterative procedure until the difference
of the element values between two consecutive calculations is small
enough, which results in the dimensions of the filter. After the initial
dimensions of the filter are obtained, a fine tuning process can be
carried out with CST Design Environment.

4. QUASI-ELLIPTIC WAVEGUIDE LOW-PASS FILTER

To verify the proposed design approach, an 11-order low-pass filter used
for Ku-band satellite communications is designed and fabricated using
a WR-75 waveguide. For this propose, the pass band and the stop
band are chosen as 12.25-12.75 GHz and 14-14.5 GHz, respectively,
which are typical frequency bands used in Asia. In order to maintain
enough frequency deviation margin and to achieve high out-of-band
attenuation, the cut-off frequency of the low-pass filter is chosen to be
13.3 GHz. The Chebyshev prototype used in the design is an 11-order
low-pass filter with 0.05dB ripple in the pass band. By impedance
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and frequency scaling, the L-C' values of the Chebyshev low-pass filter
are calculated, as shown in Table 1. The attenuation poles are set
in the stop band at 14.2 GHz, 14.3 GHz and 16 GHz, respectively.
Accordingly, the elliptic low-pass filter net-work is obtained by using
the method discussed above. The elliptic low-pass filter network is
simulated and optimized by using Agilent ADS. The optimized L-C
values are demonstrated in Table 2. As shown in Table 2, the maximum
ratio of capacitances and inductances between the resonators is less
than 2.8. In order to get a clear comparison, a standard elliptic low-
pass filter network is designed by using Filter Design Guide module
of Agilent ADS simulator. Its L-C values are also given in Table 2
for comparison. It can be seen from Table 2, the maximum ratio
of capacitances between resonators in the standard elliptic low-pass
filter net-work is over 12. Obviously, it is hard to realize them in
the physical implementation. Fig. 7 shows the simulated responses of
the Chebyshev low-pass filter network, proposed low-pass elliptic filter
net-work and standard elliptic low-pass filter net-work, respectively.
Simulated results are obtained using Agilent ADS. It is clearly shown
that our proposed elliptic low-pass filter net-work has a sharp rejection
performance and attenuation poles in the stop band, which is similar to
the response of the standard elliptic low-pass filter network. As shown
in Fig. 7, the return loss of the proposed elliptic filter network is more
than 18 dB from 8.5 GHz to 13.3 GHz. Since the inductance elements
in the Chebyshev low-pass filter are replaced by the parallel resonators,
a little return loss deterioration in the lower pass band of the proposed
elliptic filter network can be seen. However, the bandwidth of the pass
band is enough for our application.

The initial physical dimensions of the filter are synthesized from
the proposed L-C' network by using the method discussed in the
previous paragraph. Then, the filter is optimized by using CST
Design Environment. Simulated results are shown in the Fig. 8, and
compared to that of the proposed elliptic filter net-work. As shown
in Fig. 8, they are in good agreement in the pass band and lower
stop band of the filter. Transmission zeros are observed in both
simulation results. Due to the coupling between the adjacent parallel
resonators, the observed transmission zeros in the full wave simulation
result have little deviation from that L-C network simulated result.

Table 1. L-C values of the Chebyshev low-pass filter net-work.

Cpcl Lsc? CpcS Ls4 Cpc5 Ls6 Cpc'? LSCS C’pc9 LsclO Cpcll
(fF) | mH) | (fF) | (@H) | (fF) | (nH) | (fF) | (nH) | (fF) | (nH) | (fF)
269 | 83 | 516 | 95 | 540 | 9.7 | 54.0 | 9.5 | 51.6 | 83 | 26.9
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Table 2. L-C' values of the elliptic low-pass filter net-work.

L-C Cp1 | Cs2 | Ls2 Cpz | Csa | Lsa Cps | Cse
paramenter | (fF) | (fF) | (nH)| (fF) | (fF) | (nH) | (fF) | (fF)
Proposed 26.9 | 36.7 2.6 52.6 | 79.9 1.5 54.1 | 94.6
Standard 24.6 2.8 7.5 37.3 | 18.6 5.2 24.8 | 35.1
L-C Lss | Cpr Css Lsg | Cpo | Cs10 | Lsio | Cp1n
paramenter | (nH) | (fF) | (fF) | (nH) | ({F) | (fF) | (nH) | (fF)
Proposed 1.3 54.1 | 79.9 1.5 52.6 | 36.7 2.6 26.9
Standard 3.5 21.4 | 29.1 3.9 294 | 11.2 5.6 18.2
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Figure 7. Simulated frequency response of the prototype net-works.
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As the operating frequency increases, the impact of the higher-order
modes in the waveguide, such as TE20 mode whose cut-off frequency
is 15.74 GHz and TE11 mode of cut-off frequency 17.6 GHz, become
significant, which cause the deterioration of the attenuation in the
stop band and a second harmonic resonant frequency at 16.85 GHz, as
shown in Fig. 8.

5. RESULTS AND DISCUSSIONS

Figure 9 shows simulated and measured results of the designed
waveguide filter. It can be seen from measurements that the insertion
loss is less than 0.3dB and the return loss is more than 15dB from
11 GHz to 13.5 GHz. The attenuation slope of the filter can be achieved
up to 78dB/GHz. The out-of-band rejection levels are larger than
39dB from 14 GHz to 16 GHz. Obviously, the out-of-band rejection
can be further improved with a lower cut-off frequency. As shown
in Fig. 9, the measurements agree well with the simulations. The
observed frequency deviation is believed to be caused by machining
and assembly errors. A photograph of the fabricated low-pass filter is
shown in Fig. 10. The size of it is 38 mm x 38 mm X 42 mm, while the
WR-75 flange size is 38 mm x 38 mm.

Due to the effect of higher-order modes in the waveguide, the
proposed waveguide filter suffered a low second harmonic resonant
frequency, as shown in Fig. 5, Fig. 8 and Fig. 9. As the cut-off
frequencies of higher-order modes are dependent on the waveguide size,
a smaller rectangular waveguide may be used to improve the stop band
response of the filter.
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Figure 9. Measured and simulated responses of the filter.
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Figure 10. Photograph of the proposed low-pass filter.

6. CONCLUSION

A novel compact quasi-elliptic waveguide low-pass filter with very
sharp out-of-band rejection for VSAT transceiver has been proposed in
this paper. The equivalent model has been analyzed and the relevant
parameters have been extracted. A quasi-elliptic low-pass prototype
network, which is much easier in physical realization has also been
proposed. Based on the equivalent model and proposed prototype
network, a low-pass filter has been designed and tested, which is very
small compared with traditional waveguide filters. Measured results
have verified a low in-band insertion loss and a very sharp cut-off
response. Moreover, the proposed quasi-elliptic low-pass prototype
network may be used for designing other type filters.
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