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ABSTRACT A compact on-chip dual-band bandpass filter (BPF) at millimeter-wave frequencies is
proposed in 0.15-pm GaAs technology. To understand the working mechanism of the BPF, an LC
equivalent circuit model is presented and analyzed for position estimation of the transmission zeros and
poles. For demonstration, an on-chip BPF example is fabricated and tested, whose simulation and mea-
surement are in good agreement. There are two frequency bands at 60.2 and 79.7 GHz with bandwidths
of 9% and 6.8%, respectively. The chip, excluding the feedings, is only 0.304 mm x 0.464 mm.

INDEX TERMS Bandpass filters, dual-band, GaAs-based circuits, millimeter wave circuits, on-chip

devices.

I. INTRODUCTION
With the development of new generation multi-service wire-
less communication systems, millimeter-wave multi-band
bandpass filters (BPFs) have attracted increasing attention
recently. Although various design methods for millimeter-
wave BPFs have been presented including on-chip planar
structures [1]-[11] and waveguide configurations [12]-[14],
most of them are with only single band. So far, there has been
little research on dual-band or even multi-band BPFs using
semiconductor technology at millimeter-wave frequencies.
In [15] and [16], substrate integrated waveguides were
employed to construct resonant cavities for the design of
dual-band BPFs, whose approach was similar to designing
waveguide filters in [13], [14]. However, the sizes of these
waveguide devices are inherently bulky, and they are diffi-
cult to integrate with some other front-end modules for the
final system-in-package (SiP) or system on a chip (SoC). In
contrast, the on-chip BPFs using SiGe, GaAs and CMOS
with single frequency band [1]-[8] and dual-band [9]-[11]

are readily useful due to the advantages of small sizes
and ease of integration. In [9], a dual-band on-chip BPF
at 24 and 60 GHz using a 0.18-pm standard CMOS process
was designed through loading several quarter-wavelength
stepped-impedance resonators. Thus, the die area of the
BPF would result in a relatively large size. Similarly, the
works in [10] and [11] suffered from the same issue, where
both of the coupled lines and stubs were of quarter wave-
length and especially the coupled-line unit could not be
meandered for the implementation. Moreover, the transmis-
sion zeros (TZs) and transmission poles (TPs) could not
be controlled independently. Therefore, the multi-band on-
chip BPFs with small sizes and ease of design are urgently
needed to save the cost of the radio-frequency integrated
circuits (RFICs).

In [2], we previously presented a single-band BPF using
0.15-um GaAs technology. In order to extend to the
dual-band application using the same semiconductor manu-
facturing process, a millimeter-wave on-chip dual-band BPF
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FIGURE 1. (a) Stack-up of the employed 0.15-um GaAs pHEMT technology,
where the relative dielectric constants of the GaAs and polyimide films are
12.9 and 2.9, respectively. (b) Proposed compact dual-band BPF, where

’| =45 pm, lz =285 pum, ’3 =80 pm, ’4 =40 pm, 15 =320 um,

Is =315 me,I-, =21 pm, wg =50 um, wy =wy =w3z =20 um, sy =5 um,
S =15um, s3 =22 um, s5 = 10 pm, and gy = 15 pm.

is designed in this paper with two TZs and three TPs.
The positions of TZs and TPs can be easily tuned, thereby
controlling the center frequencies and bandwidths of the
passbands. The fabricated filter possesses low insertion loss
and compact size with dual-band frequency response.

1l. DESIGN OF ON-CHIP DUAL-BAND BPF

Fig. 1(a) shows the stack-up of the standard 0.15-pum GaAs
pHEMT technology, where two metal layers M1 and M2 with
the thicknesses of 2 pm and 1 pm, respectively, are avail-
able for circuit design, and their conductivities are both
4x107 S/m. A compact dual-band BPF is designed on
M1 layer using this GaAs technology, as illustrated in
Fig. 1(b).

The working mechanism of the designed BPF filter can
be analyzed by an LC equivalent circuit model in Fig. 2(a).
The metal strips with lengths of (I3 + Is + 2w3) and (s3 +
Is+2w3) are assumed as an inductor L; and an inductor L3,
respectively. The inverted L-shaped metal strip connected
with the via hole is represented by an inductors L;. The
gap couplings between the closely spaced metal strips are
equivalently demonstrated by nine capacitors (i.e., two Cj,
two C3, two C3, two C4 and a Cs). The capacitor Cy accounts
for the electrical coupling between the metal strip and the
ground. The short metal strip connected to the square via
together with the via itself can be regarded as an inductor
Ly, which is short-circuited to the ground.

The comparisons between the simulation results of EM
model (i.e., Fig. 1(b)) and LC circuit model are shown in
Fig. 3, where reasonable agreement is obtained. Both of
them have two TZs and three TPs, two of which at the first
frequency band and the third one at the second frequency
band. The circuit in Fig. 2(a) can be bisected into two halves
along the central plane due to the symmetry and then the
odd- and even-mode analysis method can be adopted, as
shown in Fig. 2(b) and 2(c). The reflection coefficient Sq;
and transmission coefficient Sy; of the proposed BPF are
dependent on the input impedances of odd-mode and even-
mode equivalent circuits Z,zg and Z,.,, by calculating the
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FIGURE 2. (a) LC equivalent circuit model of the designed BPF, and
its (b) odd mode and (c) even mode equivalent circuits.
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FIGURE 3. EM and LC equivalent circuit simulations, where the
parameters in Fig. 2 are as follows: L; = 170 pH, L, = 65.4 pH, L3 = 32 pH,
Lg = 9.2 pH, C; = 26.7 fF, C; = 51 fF, C5 = 76.8 fF, C4 = 159 fF,

Cs = 16.8 fF, and Cg = 30 Ff.

following equations.

s I'.+T, ZevenZodd — Z(% (1)
11 = =
2 (Zeven + ZO)(Zoda' + ZO)
Sy = r.—r, _ 20 (Zeven — Zoda) )
2 (Zeven + ZO)(Zodd + ZO)

Then, the TPs and TZs can be determined by setting S1; = 0
and S71 = 0 through (1) and (2), respectively.

Table 1 tabulates the variations of TPs and TZs against
different values of the inductors and capacitors in Fig. 2 for
better understanding the tunable abilities of the TZs and TPs.
The brown blocks represent that TP or TZ almost remains
unchanged as the LC parameter is varied. The purple blocks
represent that the positions of TP or TZ slightly change
when the LC parameter is tuned. Moreover, the orange block
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TABLE 1. Relationships between parameters and TZs or TPs.

—: not much impact; /' : positive correlation; “s: negative correlation.

and blue blocks denote the positive and negative correla-
tions, respectively, for the relations between the LC and
TP/TZ. With this table, it gives an overall guidance for tuning
the design specifications of the center frequency, fractional
bandwidth and out-of-band rejection.

More specifically, when the value of L; increases from
164 pH to 176 pH, the first TZ f,; will be adjusted from
49 GHz to 43 GHz while the other TZ and TPs keep fixed,
as illustrated in Fig. 4(a), thus the bandwidth of the first
frequency band will be increased accordingly. Similarly,
the inductor L3 can control the position of the second TZ
[z, thereby changing the bandwidth as shown in Fig. 4(b).
Therefore, the bandwidth of the first passband can be tuned
by adjusting the inductor L; or L3. Furthermore, when the
values of L; and L3 are adjusted simultaneously, the two
TZs will both be moved, resulting in the adjustment of the
center frequency of the first passband, as shown in Fig. 4(c).
Interestingly, the center frequency of the second passband
almost remains unchanged, which means that the first pass-
band can be adjusted independently. On the other hand, the
third TP f},3 can be manipulated by tuning the value of L,
thus the center frequency of the second passband will be
controlled accordingly without affecting the first passband,
as demonstrated in Fig. 4(d).

The classical resonator filter theory can be applied
to explain the generation mechanism of TPs and TZs.
Fig. 5 illustrates the frequency responses of |Sij| results
for the three circuit structures in the inset. As can be seen,
the pair of meander line structure in the left inset consists of
two identical microstrip resonators, thus it can generate two
TPs within the first passband through input/output port feed-
ing. For the grounded U-shaped structure in the right inset of
Fig. 5, it can be seen as the short stub-loaded resonator [17]
with input/output port feeding, which has two transmission
poles, each one at the first and second passbands. When
these two structures are combined together to construct the
proposed dual-band BPF, there should be three TPs at the
first passband and one TP at the second passband theoreti-
cally. But due to the coupling between the pair of meander
line structure and the grounded U-shaped structure, one of
three TPs is moved to around 72 GHz instead of locat-
ing at the first passband. This phenomenon may be caused
by interaction between closely spaced resonant structures,
resulting in the change of effective electrical length of the
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FIGURE 4. Simulated S-parameters with different values of (a) Ly, (b) L3,
(C) Ly & Ly, and (d) Ly.

resonance for one of three TPs. Fortunately, the performance
of the filter is not deteriorated significantly.

For the physical dimensions in Fig. 1(b), the parameters
Is and g can be independently tuned to control the center
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FIGURE 5. Simulated |Syq| of the filter without grounded U-shaped
structure (left inset figure), the proposed dual-band BPF (middle inset
figure), and the filter without a pair of meander line structure (right inset
figure).
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FIGURE 6. Simulated S-parameters with different values of (a) /5
and (b) g;. The other default physical dimensions of the proposed BPF are
the same as the ones in the caption of Fig. 1.

frequency and bandwidth of the first passband and second
passband, respectively. As shown in Fig. 6(a), when the value
of the length /5 increases from 0.315 mm to 0.325 mm, the
TZ between two passbands will be adjusted from 70.2 GHz
to 72.3 GHz while the other one TZ remains fixed. Thus,
the center frequency and bandwidth of the first passband of
the BPF can be easily manipulated accordingly by tuning
the value of /5. For the second passband, as illustrated in
Fig. 6(b), the center frequency can be also independently
tuned with the change of the value g;.
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FIGURE 7. (a) Simulated and measured results, and (b) die photo of the
proposed dual-band BPF.

1Il. ON-WAFER MEASUREMENTS

For further demonstration of the proposed dual-band BPF,
an example is fabricated and then measured via an on-
wafer ground-signal-ground probing using a vector network
analyzer. As seen in Fig. 7(a), the measured results of
S-parameters of the dual-band BPF agree reasonably well
with the simulations of EM model. The measurements show
that it has two passbands, one center frequency of which is
at 60.2 GHz with a 3-dB bandwidth from 57.5 to 62.9 GHz
(9%) and the other one is at 79.7 GHz with a 3-dB band-
width from 77 to 82.4 GHz (6.8%). The minimum insertion
losses (ILs) within the two passbands are 2.8 dB and 3.0 dB,
respectively. The return losses within the two passbands are
better than 13 dB and 10 dB, respectively.

The die photograph of the designed dual-band BPF is
shown in Fig. 7(b). The chip size, excluding the feedings, is
only 0.304 mm x 0.464 mm. The performance comparisons
with some recently reported dual-band BPFs have been tab-
ulated in Table 2. As can be seen, the proposed dual-band
BPF has the advantages of low ILs and small chip size.

IV. CONCLUSION

A compact on-chip dual-band BPF at 60 and 80 GHz using
GaAs pHEMT technology has been presented with a sim-
ple design topology. The LC equivalent circuit model is
used to understand the working mechanism of the BPF and
analyze positions of the TZs and TPs. Due to its very
compact size, low in-band ILs and moderate bandwidth,
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TABLE 2. Performance comparisons with some previous dual-band BPFs.

[9] 24/60 2| N | zens | R S0
[10] 35/70 300 | 3053 | R Biemos
[ awso |4 | MR | e | Geasep
nst | 20s |4 | T ]S | erch
ohis 60297 |2 | s | 2sm0 | O] O1Sam

"NM: Not Mentioned.

the proposed BPF is readily applied for 5G multi-service
wireless communication systems.
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