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Abstract. This article presents the results of the filter-bank design in the centimeter range. The
filters are made in the form of microwave monolithic integrated circuits based on domestic GaAs
pHEMT technology. The filter-bank includes bandpass filters operating in four subbands of the
total frequency band 5.8 ... 18.2 GHz. The developed filters have VSWR of no more than 1.5 in the
passband. Stopband suppression at 30% offset or more from the passband center frequency is more
than 45 dB. When constructing filters of different subranges, different implementation options
were used: lumped filters and microstrip filters based on interdigital and hairpin structures. Using
the example of the microstrip bandpass filters design, the article discusses the features of modeling
microwave monolithic integrated circuits in the AWR Design Environment.
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AnHoTamusa. B maHHoi#1 craThe TpeacTaBlieHbl pe3yabTaThl pa3paboTKKU OaHKa (QUJIBTPOB CaH-
TUMETPOBOTO IMana3oHa, BbINOJHEHHbIX B BUuae CBY MOHOMUTHBIX HHTErPaJIbHBIX CXEM Ha OC-
HoBe oTeuyecTBeHHOU GaAs pHEMT-TexHonoruu. baHk BKJIIoyaeT B ce0s1 OJI0COBbIE (DUIBTPHI,
paboTarolire B YeThipeX Mojarana3oHax ooiiei mojockl yactot 5,8 ... 18,2 I'Ti1. PazpabotaHHbIe
¢unbrpel 6aHka uMeloT B nojioce nmpornyckanus KCBH we 6onee 1,5, mpu nogaBieHuu B 10-
JIoce 3arpaxmeHusT He XyxXe 45 n1b Ha oTcTpoiikax OT LIeHTPaIbHON 9aCTOTHI, IMPEBOCXOMSIIINX
+30%. BHocuMmble TToTepH B ITOJI0CE MPONYCKAHUS HE MPeBOCXoadT 6 1b B HU3KOYaCcTOTHOM U 3
1B B BBICOKOUACTOTHOM YacTU McciaeayeMoro nuamnasoHa. [Ipu moctpoeHuM ¢hUIbTPOB pa3HbIX
MOIAMana30HOB ObLIM MCIOJb30BaHbl Pa3IMYHbIe BApUAHThI pean3aluu: GUIbTPbl Ha cocpe-
JIOTOYEHHBIX 2JIEMEHTaX M1 MUKPOTIOJIOCKOBbIE (DPUJIBTPHI HA BCTPEUHO-IITHIPEBBIX U IITTAJIETHBIX
cTpyKTypax. Ha mpuMepe pa3paboTKi MUKPOIIOJIOCKOBBIX TTOJIOCOBBIX (DMIBTPOB B CTAThe pac-
CMOTpeHBI 0cobeHHOCTH MoenupoBaHust CBY MOHOTUTHBIX MHTErpajibHBIX cXeM B cpere AWR
Design Environment.

Kmouessie caosa: CBY, nonocosoit punstp, GaAs pHEMT, BcTpeuHO-CcTepXKHEBOM, LINTUIEY-
HBbIii, 27IEKTPOMAarHUTHOE MOJCIMPOBAHKE

Jna murupoBanmsa: Klimenko D.V., Nikitin A.B., Stroganov A.A., Tsikin 1.A. Features of
centimeter-band filter-bank design based on GaAs pHEMT-technology // Computing, Telecom-
munications and Control. 2023. T. 16, Ne 3. C. 7—17. DOI: 10.18721/JCSTCS.16301

Introduction

One of the main elements of a preselector in modern radio-receiving microwave devices is a filter-bank,
which includes a set of bandpass filters (BPF). The characteristics of such partial BPFs — the main com-
ponents of the filter-bank — determine several important parameters of the entire radio-receiving device.
When developing bandpass microwave filters in the form of monolithic microwave integrated circuits
(MMIC), they can be designed as lumped or distributed element circuits and implemented in various
transmission line structures [1—3].

Bandpass filters based on microstrip structures are often used in the microwaves due to their compact
size and high yield. Several examples of simplified microstrip BPF’s circuits that are widely used in prac-
tice are shown in Fig. 1: a) interdigital, ») hairpin, ¢) open-loop [1, 4].

Despite the large number of works devoted to the microwave filters studies (e.g. [1-9]), the choice of
the basic structure and the development of the final circuit in each case is a separate, rather labor-intensive
task. An example of such a task is the development of a microwave bandpass filter-bank that covers a large
frequency band (an octave or more). In this case, it is necessary, based on a single MMIC technology, to

© Knumenko A.B., HukutuH A.B., CtporaHos A.A., LnkuH W.A., 2023. U3paTenb: CaHKT-MeTepbyprckuii NOIMTEXHUYECKUI YHUBEPCUTET MeTpa
Benukoro
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Fig. 1. Simplified schemes of microwave microstrip bandpass filters

build several circuits that provide the required characteristics in several frequency sub-ranges of preselec-
tors of broadband radio receiving devices [10, 11].

Introduction of monolithic microwave integrated circuits in the creation of filters allows drastic re-
duction of the mass, size, labor intensity of manufacturing, while increasing reliability and improving the
repeatability of characteristics. In conditions of mass serial production, it also reduces costs per unit of
production [2]. At the same time, it is important to note that due to permanent restrictions on the supply
of electronic devices and dual-use systems to Russia it is becoming increasingly difficult to obtain the re-
quired products from abroad [12]. In this regard, the expansion of the microelectronic microwave devices
nomenclature, produced on the basis of domestic technology and optimization of the process of their
modeling are of particular relevance [12, 13].

This paper describes the design of the bandpass filter-bank on the example of studies of various MMIC
BPF’s circuits covering the frequency range, including most of the C-, X-, and Ku-bands in four sub-rang-
es:No.1—-5.8...8.2GHz,No.2—7.8...11.2 GHz, No. 3—-10.8 ... 15.2 GHz, No.4 — 14.8 ... 18.2 GHz.

The following frequency responses were used as required performance for the developing bandpass
filters: insertion loss in sub-range No. 1 — 6 dB, No. 2 — 5 dB, No. 3 — 5 dB, No. 4 — 4 dB, VSWR in
passband is not more than 1.6, stopband suppression is no less than 45 dB at 30% offset and more from the
passband center frequency.

The filters under study are designed based on the domestic GaAs pHEMT technology using complex
design tools for solid-state microwave devices for the 0.25 um technological process (PDK_pHEMT025D)
[14—16].

LC-bandpass filters on lumped elements

At the comparative study of various bandpass filters operating in the low-frequency part of the investi-
gated frequency range (sub-ranges No. 1: 5.8 ... 8.2 GHz and No. 2: 7.8 ... 11.2 GHz), it was found that it
is reasonable to use LC-filter circuits on lumped elements as basic schemes. The simulation showed that
the use of microstrip structures (Fig. 1) as basic circuits of bandpass filters at these frequency leads to ex-
cessively large dimensions of the MMIC chip (more than 5000x5000 pum)

The conducted studies of the idealized filter prototype have shown that to obtain the required char-
acteristics it is necessary to choose filters with frequency responses having transmission zeros in the stop-
band. In addition, the simulation of an idealized filter prototype showed that the filter order should be
quite large. Therefore, in this paper a quasi-elliptic filter on lumped elements of the 9" order was chosen
as a basis for the BPF construction of the 1*t and 2" sub-ranges. An equivalent circuit of such an idealized
bandpass LC-filter with transmission zeros near the passband edges is shown in Fig. 2, a [1].

When selecting the scheme and order of the idealized prototype filter, the initial parameters should be
used with a certain margin both in terms of insertion loss in the passband (a few dB) and rejection in the
stopband (up to 50 dB).

Besides, the results of the research have shown that it is expedient to increase values of the central
operating frequency and a bandwidth (in comparison with initial data). Further design of the filter gen-
erally leads to narrowing of the initial bandwidth and some shift to the low frequency area. For example,
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Fig. 2. Schematic of idealized BPF No. 2 (@), MMIC layout (b)
and frequency responses (c¢): 1 — idealized BPE, 2 — MMIC

when designing 1* sub-range BPF (BPF No. 1) at the given values of the center frequency f0 =7 GHz
and 6.8 ... 8.2 GHz bandwidth it is reasonable to set a significantly larger bandwidth of the initial proto-
type to 5.45 ... 8.65 GHz with the center frequencyjf) =7.1 GHz.

When designing the BPF of the 2" sub-range (BPF No. 2) these corrections, as simulation has shown,
make the following values: at given values of the center frequency f0 =9.5GHzand 7.8 ... 11.2 GHz band-
width it is necessary to set the bandwidth of the initial prototype to 7.2 ... 12 GHz with f0 =9.6 GHz.

As an example, Fig. 2 shows: the circuit of the initial idealized BPF No. 2 (Fig. 2, @), MMIC topology
designed on its basis (Fig. 2, b) and BPF frequency responses |S11|, |S21| — insertion loss and input return
loss. In the Fig. 2, ¢, the dashed lines show the responses of the idealized circuit (curves 1), and the solid
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Fig. 3. S-parameters of BPF No. 1

lines show the simulation result of the final MMIC (curves 2). It should be noted that MMIC design in-
cluded two stages: basic circuit design using process design kit (PDK) and MMIC topology design using
electromagnetic (EM) simulation.

The frequency responses of the MMIC BPF No. 1 is shown in Fig. 3.

The designed BPFs No. 1 and No. 2 have the following characteristics: insertion loss is no more than
6 dB for sub-range No. 1 and 4.6 dB for sub-range No. 2 (3.5 dB and 2.5 dB at center frequency f0 for
No. 1 and No. 2, respectively), return loss is not worse than 14.5 dB (input and output VSWR for both
filters no more than 1.5). Stopband suppression at 30% offset or more from the passband center frequency
is not worse than 45.5 dB for sub-range No. 1 and 49 dB for sub-range No. 2. MMIC chip of BPF No. 1,
2 have dimensions less than 2000x2600 pum.

Bandpass filters on microstrip structures

According to the results of the studies about filters operating on higher frequency ranges (BPF No. 3 —
10.8 ... 15.2 GHz and BPF No. 4 — 14.8 ... 18.2 GHz), filters on microstrip structures are preferred when
selecting initial schemes (Fig. 1). It is easier to provide the required level of insertion loss using microstrip
structures in comparison to LC-filters on lumped elements. Comparative modeling of microstrip bandpass
filters showed that the best choice in this frequency range would be the schemes of the hairpin (Fig. 1, a)
and interdigital (Fig. 1, b) filters. In this case, four microstrip structures were considered. Along with the
two mentioned above, open-loop filters (Fig. 1, ¢) and filters on stepped microstrip resonators were also
studied. Filters based on open-loop resonators and stepped microstrip resonators showed generally worse
performance. In particular, the dimensions of open-loop microstrip structures are significantly larger in
comparison with hairpin and interdigital structures (in this case up to 9000 um or more).

To determine filter orders needed to achieve the required parameters, studies of corresponding ideal-
ized prototype filter circuits were conducted. Studies showed, that when designing interdigital and hairpin
filters, it is advisable to use prototypes of the 15" and 7" orders, respectively.

The standard topology of microstrip elements in the PDK_pHEMTO025D library consists of two metalli-
zation layers. The first layer with a thickness of 1 um is formed by sputtering, while the second layer is formed
by chemical deposition, with a thickness about 5 um. As a result of deposition, the microstrip does not have
a strictly rectangular profile, and its thickness can vary in length. To increase the yields of the MMIC, it was
decided to use only the first layer of metallization during design. Fig. 4 shows the resulting designed MMIC
topologies: the interdigital filter — BPF No. 3 (Fig. 4, a) and the hairpin filter — BPF No. 4 (Fig. 4, b).

The simulation showed that the filter circuits require input and output matching circuits to achieve the
required frequency responses. Some of the matching circuits include both microstrip line segments and
lumped LC-elements, for example, a MIM-capacitor for the hairpin filter circuit (Fig. 4, b).

11
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a)

Fig. 4. MMIC topologies of bandpass filters No. 3 (a) and No. 4 (b)

When selecting the basic circuits, simulation of the two above mentioned filters was carried out in both
sub-ranges No. 3 and No. 4. In the considered sub-ranges interdigitated and hairpin filters have similar
performance and satisfy the required characteristics.

Detailed comparison of these two filters performances (insertion loss, return loss, selectivity and chip
size) allows us to make a choice in sub-range No. 3 in favor of an interdigital BPF (Fig. 4, @), and in sub-
range No. 4 in favor of a hairpin BPF (Fig. 4 b).

Fig. 5 shows the characteristics of the interdigital (sub-range No. 3) and hairpin filter (sub-range
No. 4) in the form of frequency responses |[S11| and [S21|. In Fig. 5 the dashed lines show the responses of
the BPF No. 3 (curves 3), and the solid lines — BPF No. 4 (curves 4).

The designed MMIC of the BPF No. 3 has the following frequency responses: the minimum value
|S21| = —4.2 dB at the frequency /= 15.2 GHz in the passband. Stopband suppression at 30% offset or
more from the passband center frequency is more than 49 dB. Return loss is not worse 14 dB (input and
output VSWR is not more than 1.5).

The designed MMIC of the BPF No. 4 has following performance: maximum value of insertion loss
in the passband is 3.1 dB at the frequency /= 18.2 GHz and 2.4 dB at the center frequencyf0 =16.5 GHz
of the passband. Stopband suppression at 30% offset or more from the passband center frequency is more
than 48.5 dB. Return loss is not worse than 25 dB in passband (input and output VSWR is not more than
1.1). MMIC sizes of both BPF No. 3 and No. 4 do not exceed 21003100 pm.

The MMIC filter simulation features

A distinctive feature of microwave circuits topology development, as noted above, is the need for elec-
tromagnetic (EM) modeling at the final stage of design. The results of EM simulation often differ signif-
icantly from the results of circuit simulation based on library elements [17—21]. This difference turns out

12
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Fig. 5. S-parameters of BPF No. 3 and No. 4.
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Fig. 6. Frequency responses of the test circuit () and a part of the test structure topology (b)

to be more essential on the higher frequency range as well as with more complex chip design. At the same
time, to achieve the required parameters and define the final chip topology, it is often necessary to conduct
many EM simulation cycles. Therefore, methods to optimize the chip design process were considered dur-
ing filter development. A study of the effect of different MMIC design ways on the resulting characteristics
was carried out. For this purpose, a fragment of the hairpin BPF circuit was considered as a test sample
(Fig. 4, b). This test circuit was divided into two subcircuits and on their basis the following variants of
forming topology and simulating characteristics were implemented:

1. EM simulation of a complete test structure. This simulation variant was used as a reference.

2. Circuit simulation of the test structure based on library elements.

3. EM simulation of two subcircuits of the test structure separately. Simulation of a two-stage circuit,
where EM models act as composite stages.

Fig. 6, a shows the frequency response simulation of the considered test circuit obtained by three dif-
ferent methods. Numbers 1, 2 and 3 in the graph indicate three different simulation ways described above.

As follows from the graphs in Fig. 6, a, the results of circuit simulation (Fig. 6, a, curves 2) and EM
simulation (Fig. 6, a, curves 1) are significantly different. EM simulation of the divided the test structure
(Fig. 6, curves 3), allows to slightly approximate the responses to the reference ones. However, the discrep-
ancy is still quite significant. This may be a consequence of the unaccounted electromagnetic interaction
between the individual stages of the whole circuit. This situation occurs in the modeling for option 3.

13
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The studies have shown that the use of de-embedding procedure with reference plane shifting can help
to reduce the differences between the full EM model of the whole circuit (Fig. 6, a, curves 1) and the com-
posite one (Fig. 6, a, curves 3) consisting of EM models of subcircuits [18, 21]. Fig. 6 5 shows the topology
of one of the test structures subcircuits, indicating the value dL of the input port reference plane shift. The
result of modeling a two-stage circuit, where EM models of individual subcircuits with a shift value of the
reference plane dL = 30 um act as composite stages, is marked with number 4 in Fig. 6, a.

As shown in Fig. 6, the use of reference plane shift makes it possible to significantly reduce the difference
between the frequency responses of a complete EM model of a single circuit (Fig. 6, a, curves 1) and the
frequency responses of a two-stage circuit, where EM models act as composite stages (Fig. 6, a, curves 4).
Design and simulation of such composite circuit are much faster. The results of modeling have shown that it
is reasonable to choose the value of such shift in the range of 20 ... 50 um for the considered structures.

Comparison with State-of-the-Art Filters

The characteristics of the filters studied in this work and their foreign analogues, based on monolithic
GaAs MMICs, are provided in Table 1.

Table 1
Characteristics of filters based on monolithic GaAs MMICs

Ref, fpGHz| D daln | Tl | Ribpe | RERI | RS | size, mme
BWBF-8/12 [22] 10 8-12 (40%) 1.7 2 15 >25 1.42
BWBF-12/16-7C3 [22] 14 12-16 (28%) 2.5 1 12 <20 1.28
PDBF-15R7/17R7-D2 [22] 16.7 15.7-17.7 (12%) 2 I* 11 40 5.12
XBF-163-D+ [23] 16 | 15.5-16.5(6.3%) | 4 N/A 17 >50 3.44
MFBP-0002CH [24] 6.65 5.9-7.4 (22%) 1.5 1* 18 45 5.76
MFBA-0003CH [24] 12 10.1-14.1 (33%) | 2.1 1* 15 44 9.6
MFBA-00001CH [24] 16 14.1-17.9 (22%) | 2.4 1.2% 17 45 9.6
This work BPF#1 7 5.8-8.2 (34%) 3.5 2.5 14.5 46 4.04
This work BPF#2 9.5 7.8-11.2(36%) | 2.5 2.2 14.2 48 3.46
This work BPF#3 13 10.8-15.2 (34%) | 2.3 1.9 14 49 6.41
This work BPF#4 16.5 14.8-18.2 (21%) | 2.4 0.8 25 48.5 5.36

* — approximate

The table shows the following parameters: f0 — central frequency of the passband; f1 — f2 (FBW) —
minimum and maximum frequencies of the passband (relative bandwidth); /L — insertion loss at the cen-
tral frequency; Ripple — ripple in the passband; RLmin — minimal return loss in the passband; Reject.
— stopband suppression (at offset from the center frequency f0 * 0.3f0 and more), Size — MMIC size. A
comparison of the given data shows that filters BPF No. 1—3 are somewhat inferior to some samples in
terms of the chip size [22], as well as the ripple in the passband [22, 24]. At the same time, the developed
BPFs are highly selective. According to this characteristic, the filters under study are superior to most of
the presented samples. In addition, for example, BPF No. 4 turns out to be better than filters of a similar
range in other parameters [22, 24]. As shown, using the domestic GaAs pHEMT technology, the overall
performance of the designed BPFs is very competitive.
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Conclusion

The paper presented a comparative study of various implementations of bandpass filters on monolithic
integrated circuits, covering the most part of C-, X- and Ku-bands. The results show that in the lower part
of the considered frequency range it is expedient to build filters on the basis of lumped elements, while
in the high-frequency part bandpass filters on microstrip structures have the advantage over LC-filters,
among which hairpin and interdigital filters have demonstrated the best characteristics.

To reduce the number of required EM simulation cycles and decrease the total design time of a MMIC,
it is advisable to divide the designed circuit into several subcircuits with step-by-step EM simulation of
individual stages.

As a result of this research, a filter-bank was designed, including four MMIC bandpass filters over-
lapping the total operating bandwidth of 5.8 ... 18.2 GHz. The partial BPFs of filter-bank are designed
on the basis of domestic GaAs pHEMT-technology using comprehensive tools for designing solid-state
microwave devices (PDK_pHEMT025D) and have a bandwidth of 20—35%. All four designed filters have
VSWR of no more than 1.5 in the passband. Stopband suppression at 30% offset or more from the passband
center frequency is more than 45 dB.
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