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Loss Using SIDGS Resonators in 40-nm CMOS
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Abstract—In this article, two millimeter-wave substrate-
integrated defected ground structure (SIDGS) resonators are
proposed for filters and balun implementation. Such SIDGS
resonators are composed of defected ground structure (DGS) with
grounded shield and surrounding vias, which not only exhibit
wide stopband with low radiation loss but also are flexible to
integrate with active circuits. Using different coupling methods,
second-/third-order bandpass filters (BPFs) and filtering balun
are designed based on the proposed SIDGS resonators. The
filters and balun are fabricated in a standard 40-nm complemen-
tary metal-oxide-semiconductor (CMOS) technology. The second-
order filter is centered at 28 GHz with an insertion loss of
the 2.7 dB and 3-dB FBW of 20.4%. Meanwhile, the stopband
extends to 140 GHz with a rejection level of 30 dB. The third-
order filter operates at 28 GHz with an insertion loss of the
2.9 dB and 3-dB FBW of 47%. Meanwhile, the stopband extends
to 170 GHz with a rejection level of 27 dB. The filtering balun
operating at 25 GHz with the 3-dB FBW of 32% exhibits in-band
amplitude/phase imbalances of 0.6 dB and =+1.1°, respectively.
The minimum in-band insertion loss is 2 dB excluding the
theoretical 3-dB loss. The stopband extends to 175 GHz with
a rejection level of 30 dB.

Index Terms—Bandpass filter (BPF), complementary metal-
oxide-semiconductor (CMOS), filtering balun, low radiation loss,
millimeter-wave, on-chip, resonator, substrate-integrated defected
ground structure (SIDGS), wide stopband.

I. INTRODUCTION

ITH the rapid development of modern wireless sys-
Wtems, passive components operating at mm-wave play
an important role in many RF transceivers’ front-ends. Com-
pared with the passive components implemented on printed
circuit board (PCB), on-chip mm-wave passive components
[1], [2] alone with active devices can improve the system
integrity and the reliability by avoiding the usage of complex
packaging techniques.

Among different on-chip mm-wave passive components, fil-
ter is the most widely used device. Various approaches are pro-
posed to design on-chip filter. The classical microstrip-based
approach is the most popular one [3], [4], [5], [6], [7], [8].
[9], [10]. Although the low insertion loss can be achieved by
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this approach, the designed filters occupy a relatively large
area. To reduce the size of the filter, coplanar waveguide
(CPW) structures are used in [11], [12], [13], [14], [15],
[16], and [17]. By combining CPW and slow wave struc-
tures together, the physical size of a bandpass filter (BPF)
can be reduced even more and additional transmission zero
(TZ) can be introduced [16]. However, the stopband of the
filters mentioned above is relatively narrow. To extend the
stopband bandwidth, inverting-coupled inductors are used for
filter design [18]. Nevertheless, such method suffers from
the relatively large insertion loss and large radiation loss
at stopband. On the other hand, most of the on-chip fil-
ters are mainly concentrated on first- or second-order BPF
designs [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13],
[14], [15], [16], [17], [18], [19], [20], [21], which limit
the passband bandwidth and passband selectivity. A third-
order wideband BPF is proposed using broadside-coupled
resonators [22], which exhibits relatively large insertion loss.
Meanwhile, the design is only concentrated on passband, while
the stopband performance is not easy to control. Therefore,
on-chip mm-wave filter with a good in-band performance,
wide stopband, high stopband rejection level, low radiation
loss, good selectivity, and compact size remains a great
challenge.

Balun is also an essential passive component in on-chip
millimeter-wave circuits, which converts single-ended signals
into balanced signals. Balanced signals improve the overall
performance of circuits such as differential amplifiers, mixers,
and frequency multipliers [23], [24], [25]. Marchand balun
is widely used in on-chip balun due to its flexible imple-
mentation [26], [27], [28]. Coupled-CPW Marchand balun
[29] is designed for large bandwidth, which suffers from the
relatively large amplitude/phase imbalances and size. The size
could be reduced by broadside-coupled spiral transmission
line [30]. To further reduce amplitude and phase imbalances,
the self-coupled compensation line is implemented in balun
design [31]. To simplify the system design, filtering balun is
proposed by integrating the function of filtering and balance-
to-imbalance to one component. In [32] and [33], on-chip
filtering baluns with good performance are designed for
5-GHz applications. To satisfy the application at mm-wave,
a 24-GHz multicoupled line filtering balun is proposed [34].
However, such prototypes suffer from either relatively large
phase imbalance or narrow stopband bandwidth. Therefore, the
design of on-chip mm-wave filtering balun with good in-band
performance, wide stopband, and compact size for flexible
integration remains a great challenge.
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Recently, substrate-integrated defected ground structure
(SIDGS) [35], [36], [37], [38], [39] is proposed for a series
of high-performance passive components, which shows merits
of wide stopband, low radiation loss, compact size, and low
insertion loss. However, all these components are implemented
on PCB, which is hard to integrate with active circuits directly.

In this article, two types of on-chip millimeter-wave SIDGS
resonators are proposed, which are composed of defected
ground structure (DGS) with grounded shield and surrounding
vias. Such resonators not only exhibit wide stopband with low
radiation loss but also are flexible to integrate with active
circuits. Using different coupling methods combining with
such SIDGS resonators, second-/third-order BPFs and filter-
ing balun can be designed. Full simplified equivalent circuit
models of the filters and balun are provided. By analyzing such
models, guidelines for implementation of the filters and balun
can be given. To verify the principle, the filters and balun are
fabricated in a standard 40-nm complementary metal-oxide-
semiconductor (CMOS) technology. The measured results
exhibit merits of wide stopband with high rejection level,
low radiation loss, low insertion loss, and good in-band
amplitude/phase imbalances.

Compared with the SIDGS implemented on PCB
technology in previous work [35], [36], [37], [38], [39],
the SIDGS on the 40-nm CMOS in this work is a stacked
structure with etched defects at different metal layers, while
the previous work has only one layer of etched defect.
Meanwhile, the complete bottom ground of SIDGS on PCB
is replaced by the grounded shield in the design of SIDGS
using the CMOS process. The reason for such a change is
to satisfy the design rules of the 40-nm CMOS technology
and avoid excessive parasitic capacitance. The CMOS-type
SIDGS with the stacked structure can achieve a more compact
size compared with the PCB-type SIDGS. Moreover, the
on-chip SIDGS exhibits wider stopband bandwidth and
lower radiation loss compared with other on-chip mm-wave
structures and components. The article is organized as follows.
In Section II, detailed analysis of the proposed two types
of SIDGS resonators is presented. Section III demonstrates
the implementation of the second-/third-order filters using
the proposed SIDGS resonators and the analysis combining
with the full simplified equivalent models. Then, Section VI
presents theory and design example of the filtering balun.
Finally, a brief conclusion is given in Section V.

II. ON-CHIP MILLIMETER-WAVE SIDGS RESONATORS

The 3-D view of the proposed SIDGS resonators and the
metal stack-up used for implementation are shown in Fig. 1.
The metal stack-up is from a standard 40-nm CMOS tech-
nology. Resonator 1 consists of DGS located in M7 with the
grounded shield in M6 and surrounding vias in V6. Resonator
2 consists of DGS located in M8 integrated with the grounded
shield in M6 and surrounding vias in V6 and V7 connected by
M7. Note that the physical size of these DGSs cannot meet the
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Fig. 1. (a) Cross-sectional view of the SIDGS in the 40-nm CMOS. (b) Metal
stack-up and (c) 3-D view of the proposed SIDGS resonator 1. (d) Metal
stack-up and (e) 3-D view of the proposed SIDGS resonator 2.

Y -
>
/, \
/ I

{
¥
S,

M

/
el N

=

(@) (b)

Fig. 2. Proposed SIDGS resonator 1. (a) Configuration of M7. (b) Config-
uration of V6 and M6. (c) Equivalent circuit.

theoretical definition of slotline [40]. In SIDGS, the E-field
and H-field of DGS can be confined by the grounded shield
and surrounding vias, as illustrated in [35]. Thus, the loss of
the resonators caused by the Si-substrate and radiation of the
DGS can be minimized.

To further illustrate the characteristic of the resonators,
the simplified equivalent models based on the transmission
lines and inductors are given. Fig. 2 shows the configuration
and equivalent circuit of SIDGS resonator 1. The electrical
length and characteristic impedance of the transmission line
and the inductance could be extracted from the layout by
full-wave simulation [41], [42]. Then, the input impedance
of the resonator (i.e., Zj,;) is derived as (1), shown at
the bottom of the page. The simulated and calculated input

Zinl =

Zi joZy(Ly +2Ly) + jZ3tan 0y + jZ1Zytan Oy — jZiew(Ly + 2L>) tan 6y tan 6,

(1

2 Z1 7y — Z]CU(L] + 2L2) tan 6, — a)Zz(Ll + 2L2) tan0; — Z% tan 0; tan 6,
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Fig. 3. (a) Calculated and simulated input impedances of SIDGS resonator 1.

(b) Fundamental resonant frequency of the resonator under different charac-
teristic impedances and inductances.
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Fig. 4. (a) Simplified inductor-loaded resonator. (b) Calculated input
impedance of the inductor-loaded resonator under different inductances.
(c) Calculated ratio of the first spurious resonant frequency to the fundamental
one with various loading inductances.

impedances are shown in Fig. 3(a), which show a good
agreement. Meanwhile, the simulated unloaded quality factor
Q, is 22.3. The resonant frequency of the resonator can be
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tuned by characteristic impedance of the transmission line
and the inductance of the inductor, as shown in Fig. 3(b).
Meanwhile, such resonator exhibits an ultrawide stopband.
To illustrate harmonic shifting, a simplified inductor-loaded
transmission line will be discussed, as shown in Fig. 4(a).
The input impedance is derived as
Z =z joL+ jZ, tan@a. @)
Z, — wLtan g,
To further investigate the characteristic of the resonator, Z/
can be rewritten as

L
tand, + ‘;—a

7zl =iZ 3)
int = J£a777 %tan@a
Assume that
wlL T
tana:—(0<a<—). “4)
Za 2
Z;,, can be rewritten as

tand, + tan a

Z =] = jZ,tan(0, + a). (5)

“1 —tana tan b,
Note that the electrical length of the transmission line is
affected by o, which is related to L. The equivalent electrical
length (i.e., 6;) and the equivalent phase velocity (i.e., v,q) of
the inductor-loaded transmission line can be derived as [43]

/ l L
w_=9d=0a+a=w—+arctanw— (6)
Upd Upo a

v
Vpd = ro <00 (7

v 0 arctan 2L
L4 =
where v is the phase velocity of the transmission line without
loaded inductor, and [ is the length of the transmission line.
According to (7), a slow wave effect is achieved by the loaded
inductor. With the loading inductance increasing, the slow
wave effect is stronger. Fig. 4(b) shows plots of the input
impedance of the inductor-loaded transmission line (Z, =
20 Q and 6, = 90° at 60 GHz) under different inductance L.
The resonance occurs when |Z; ;| = oo. Note that both fun-
damental resonant frequency (i.e., fy) and spurious resonant
frequency (i.e., fj) decrease with the increase in L due to
the slow wave effect. Combining (5) and (6), fp is obtained
under the case of §; = n/2 and f; is obtained under the
case of 6; = 3m/2. Thus, fy = w/2x = vpg/4l and f; =
wo/2m = 3vpq1/4l, where vpq0 and vpg; are the equivalent
phase velocities of the inductor-loaded line at the fundamental
and first spurious resonant frequencies, respectively. The ratio
of fi to fo can be derived as

Ji_ 3ot @)
fo U pdo
According to (8), the slow wave effect can change the
ratio of f; to fp by affecting the equivalent phase velocity
vpq. The calculated ratios of fi to fo for different loading
inductances are presented in Fig. 4(c). It implies that with the
loading inductance increasing, fi/fy increases. Thus, the wide
stopband could be achieved.
Fig. 5 shows the configuration and equivalent circuit of
SIDGS resonator 2. Then, the input impedance of the resonator
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Fig. 5. Proposed SIDGS resonator 2. (a) Configuration of M8.
uration of V7 and M6. (c) Equivalent circuit.
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Fig. 6. (a) Calculated and simulated input impedances of SIDGS resonator
2. (b) Fundamental resonant frequency of the resonator under different
characteristic impedances and inductances.

(i.e., Ziyp) is derived as (9), shown at the bottom of the page,
where Z 4 can be calculated as
Z> Z,— Zrtanf, tan b6, jo

L,
Zp=— jwL,. (10
4 2 ngtan<91+j21tan6’2+ 2 +jolz. (10)

The simulated and calculated input impedances are shown
in Fig. 6(a). Meanwhile, the simulated unloaded quality factor
Q, is 21.4. The resonant frequency of the resonator can
be tuned by different parameters, as shown in Fig. 6(b).
The resonator also exhibits a characteristic of wide stopband.
To illustrate harmonic shifting, a simplified inductor-connected
transmission line will be discussed, as shown in Fig. 7(a). The
even- and odd-mode circuits are shown in Fig. 7(b) and (c).
The odd-mode circuit is similar to the simplified circuit in
Fig. 4, which exhibits a slow wave effect affected by the loaded

2181

Zw  ZJ0, L Z,10,
- ———
(a)
Zf‘,l Z,)0, i Ziz;l Z,/0, L2 |||
(b) (©
3000 r
— L =1000 pH
--= L =100 pH
nsofe—| } ¢ 0= L=0pH
2
) - — >
~1
H 500 Jo(fo0) f1(fer) B (o
N
750 H 1
U i

0 40 80 120 160 200

Frequency (GHz)
(@)
8 T T T T T T
7r ]
6 . 4
S s 1
<
4l i
3t i
20f . . . . . . .
0 100 200 300 400 500 600 700 800
L (pH)
(e)

Fig. 7. (a) Simplified inductor-connected resonator. (b) Even-mode
circuit. (c¢) Odd-mode circuit. (d) Calculated input impedance of the
inductor-connected resonator under different inductances. (e) Calculated ratio
of the spurious resonant frequency to the fundamental one with various
connecting inductances.

inductor. The even-mode circuit is a typical half-wavelength
resonator. The input impedances are derived as

VA Za (11)
in2e ™ i tan@,
, ., JoL+2jZ,tan0, (12)
in2o = =4 sz —wLtan6,
’ 7!
Zi/n2 — in2e —; in20 . (13)

Fig. 7(d) shows plots of the input impedance of the
inductor-connected transmission line (Z, = 20 Q and
60, = 90° at 60 GHz) under different inductance L. Note
that the fundamental resonant frequency (i.e., fy) of the
inductor-connected transmission line is determined by the
fundamental resonant frequency of the odd-mode circuit
(i-e., fo0). The first-harmonic resonant frequency of the
inductor-connected transmission line (i.e., f}) is determined by
the fundamental resonant frequency of the even-mode circuit
(i.e., fe1). The second-harmonic resonant frequency of the

_ Zi Zo(joLy 4+ 2Zx) + jZ3tan0y 4 jZ, Zytan 0, — Z,(jwLy + 27 4) tan 0 tan 6

Zin2 =

2 lez—Zl(a)Ll—2jZA)tan92—

9
Zr(wLy —2jZ4)tan 0 — Z%tan@l tan 6, ©)
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Fig. 8. (a) 3-D view of the second-order BPF. (b) Configuration of M7.
(c) Configuration of M8. (d) Configuration of V6 and M6.

inductor-connected transmission line (i.e., f>) is determined by
the first-harmonic resonant frequency of the odd-mode circuit
@i.e., f,1). Thus, with the increase in L, fy and f, decrease
while f; is fixed according to the characteristics of the even-
and odd-mode circuits. Meanwhile, the calculated ratios of
f1 to fo for different inductance are presented in Fig. 7(e),
which exhibits the ratio increasing with the inductance increas-
ing. Thus, the wide stopband could be achieved.

III. IMPLEMENTATION AND ANALYSIS OF BPF USING
SIDGS RESONATORS

To prove that the proposed resonators are useful in practice,
two on-chip second- and third-order BPF design examples are
given. The full simplified equivalent circuits of the filters are
provided for analyzing and assisting the design.

A. Implementation and Analysis of Second-Order BPF

To design a second-order BPF, two identical SIDGS res-
onator 1 are coupled to form a dual-resonance cell. Meanwhile,
two T-stubs are used as the feed-line. The source-load coupling
is achieved by interdigital capacitors connected to the feed-
lines. The configuration and simplified equivalent circuit of
the second-order BPF are shown in Figs. 8 and 9. To acquire
the frequency response of the equivalent circuit, the even-
and odd-mode analyses are used, as shown in Fig. 9(b) and
(c). Using the Z-matrix of coupled line and transmission
line impedance equation [43], the one-port input odd-mode
admittance Z;,, can be derived as

_Zu—hZys—(k+8)Zy

Zino - P (14)
h, k, and g can be derived as
b(Zyy — gZas) —e(Z31 — g2
h— (Zay — 8Z4s) — e(Z31 — §Z34) (15)
bd — ae
d(Z31 — ¢Z34) —a(Zy — g7
k= (Z31 — 8Z34) —a(Zs1 — 8§Z4a) (16)
bd — ae
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[ e

Fig. 9. (a) Equivalent circuit of the proposed second-order BPF.
(b) Even-mode circuit. (c) Odd-mode circuit.

bZy —eZ dZz—aZ
Zo — Zus "Bt — 2t

8§ = — — (17
2ok 2= In B — 2y s
a, b, d, e, and Z, can be derived as
A4
a= 272+ Zyp— 21 (18)
Zy+Zy
YARVA
b=Z)+ Z3y — 272 (19)
Zy+Zy
A4
d =27+ Zy— 2712 (20)
Zy+Zy
Z5Z"
e = Zéz +Z44 _ 21712 (21)
Zy+Zy
1
Z. = joL —_— 22
x J s+ 2]CUC (22)
Z, can derived as
joo(Ly + 2L j Z tan 0
Zy=Z1] (L1 +2Ly) + jZ; 5 23)
Zi—ow(L + 2L,) tan 05
The one-port input even-mode admittance Zi,. can be
derived as
1 Z// Z//
Zine = —(ziq - M) (24)
2 L+ 2%
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Fig. 10. (a) Calculated input impedances of even mode and odd mode when
C = 0 fE. (b) Calculated |S>;| under different Lj3. (c) Calculated |S;;| and
|S21| under different Z»,.

Z,, can be calculated as
7 _ 7 jo(Ly + 2Ly +2L3) + jZ tan 65
m= ol Z —w(L1+2L2+2L3)tan03

(25)
Zij, Zlfj, and ZI/; (i, j=1,2,3,4) are the Z-matrix parameters
of coupled line, which are derived in Appendix. Therefore, the
S-parameters of the proposed circuit shown in Fig. 9(a) can
be expressed as

ZineZino - Z(%
Sit = 8»n = (26)
(Zo + Zino)(Zo + Zine)
20(Zine — Z;i
S$1 =8 = 0(Zine o) 27

(Zo + Zino)(Zo + Zine)

where Zy = 50 Q.

The calculated results of various cases are given in
Figs. 10 and 11. To clarify the order, the calculated even- and
odd-mode impedances under the case of C = 0 fF are shown
in Fig. 10(a). Two transmission poles (TPs) are generated
by even- and odd-mode circuits, which implies that the BPF
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Fig. 11. (a) Calculated input impedances of even mode and odd mode when
C =16 fF. (b) Calculated |S3;| under different C.

is second-order. The center frequency of the second-order
BPF is mainly determined by the parameters of resonators,
as mentioned in Section II. Note that two resonators are
coupled by two additional inductors L3, as shown in Fig. 9.
Thus, the bandwidth of the second-order BPF can be tuned by
changing Ls. Fig. 10(b) shows the S-parameter under different
L3. The bandwidth of the filter increases with the increase in
Ls. After the bandwidth is determined, the loading strength
of the feed-line can be adjusted by Z,, of the coupled line.
Fig. 10(c) shows the S-parameter under different Z,,. Suitable
loading strength of the feed-line could be found by tuning Z,,.

To enhance the passband selectivity and stopband rejec-
tion level, additional TZs should be generated. According
to (27), the TZs could be generated under the condition of
Zine = Zino- In this design, the TZs could be generated by
changing the odd-mode impedance using source-load coupling
capacitor C. Fig. 11(a) shows Zj,, and Zj,e under C =
16 fF. Compared with Fig. 10(a), the curves of the even-
and odd-mode impedances intersect at the positions of TZ1
and TZ2. Fig. 11(b) shows the calculated S-parameter under
different capacitance C. With the increase in C, the TZs
are closer to the passband. The calculated and simulated S-
parameters of the proposed second-order BPF are shown in
Fig. 12(a), which shows a good agreement. Besides, radia-
tion/conductor/dielectric loss rates of the second-order BPF
are simulated and calculated, as shown in Fig. 12(b). The
radiation loss is simulated under the case of lossless metal and
substrate (i.e., Sii-, S21-). The radiation loss L, is calculated
as

Ly =1— S, — S, % (28)
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Fig. 13. (a) Photograph of the proposed second-order BPF. (b) Measured
and simulated results of the proposed second-order BPF.

The conductor loss L. and dielectric loss L, can be calcu-
lated under the cases of lossless dielectric (i.e., Siic, Srie) Or
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lossless metal (i.e., S114, S214), respectively. L. and L, can be
derived as

Lea=1—S11cal* = 1Sucal* — L. (29)

The design procedure of the second-order BPF is sum-
marized as follows. The first step is to obtain the parame-
ters of the resonators according to the center frequency of
the filter specifications. Note that the center frequency of
the filter mainly depends on the resonant frequency of the
resonators. According to Figs. 3(b) and 6(b), the specific
parameters of resonators under different resonant frequencies
can be obtained. The second step is to obtain the parameters
about coupling relationship of the resonators and feed-line
according to the specification of bandwidth and TZ. The
desired bandwidth can be obtained by adjusting the value of
coupling inductor Lj3, as shown in Fig. 10(b). After Lj is
determined, the suitable loading strength of feed-line can be
obtained by adjusting the value of Z,,, according to Fig. 10(c).
Then, the desired location of TZ can be obtained by adjusting
the value of source-load coupling capacitor C, according
to Fig. 11(b). The third step is to implement the layout
of the filters according to the parameters of the equivalent
circuits.

Based on the design procedure mentioned above, the
second-order BPF is fabricated in a standard 40-nm CMOS
technology, as displayed in Fig. 13(a). The pitch between
the ground pad to the signal pad is 85 um. The feed-line
is 50 Q CPW. The thru—reflect-line (TRL) calibration is
used for measurement. The measurement is calibrated to the
tips of probes. Thus, the measured result is including the
influence of ground-signal-ground (GSG) pad and feed-lines.
The simulated and measured results of the S-parameters are
shown in Fig. 13(b). The vector network analyzer is used to
measure. The center frequency of the BPF is 28 GHz with the
3-dB FBW of 20.4%. The minimum in-band insertion loss
is 2.7 dB. Meanwhile, the stopband is up to 140 GHz with
a rejection level higher than 30 dB. The stopband |Si;]| is
higher than —4 dB up to 140 GHz, which implies that the
BPF exhibits a low radiation loss within a wide frequency
range using SIDGS. In addition, the core circuit size of the
BPF is 225 x 225 um?.

B. Implementation and Analysis of Third-Order BPF

To design a wideband third-order BPF, three
stacked-coupled SIDGS resonators 1 and 2 are used.
Such stacked-coupled scheme can reduce the size of the filter.
The feed-lines are tapped to two resonator 2. Meanwhile,
the cross coupling of two resonator 2 is introduced by the
parallel-plate capacitor. The configuration and simplified
equivalent circuit of the third-order BPF are shown in
Figs. 14 and 15, respectively. To demonstrate the mechanism,
the equivalent circuit should be analyzed first using even-
and odd-mode circuits, as shown in Fig. 15(b) and (c),
respectively. To acquire the frequency response of the circuit,
the one-port input even- and odd-mode impedances Yj,. and
Yino can be derived as [43] and [44]

Yavs Yavs
Yipe = ¥§j — —-12 21a —ye - 12731 _ (30)
JjoLa, + Y22 JoLy(14+ky) + Y22
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Fig. 14.
(c) Configuration of V7 and M7. (d) Configuration of V6 and M6.

Y,, is calculated as

(a) 3-D view of the third-order BPF. (b) Configuration of MS.

(€19

1
— = Zp = jo(Lyy — M
Ym " ]w( 20 ) + ]CUL3 + Zn

L,,, M, and Z, are derived as

Ly, = (1 —ko)L>

M = kio/LaoL3 =ki\/Ly/Ly/LooL3
1 . YSYS

_ :Yn:Yﬁ_¥o

Z, Y5,

Y, Y, Y3, and Y3, (x = a, b, c) are calculated as

DY Dj

yr = L4 22

LT

yo _ BICI—AID}  BiCI— A3D}

- B 5
-1 -1

Y = — + —

ST
Af A}

yr — L2

T

JjoM(jo(Ls — M)+ Z,)

(32)

(33)
(34)

(35)

(36)

(37)

(38)

(39)
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Z1/60,

Z8,
()

Fig. 15. (a) Equivalent circuit of the proposed third-order BPF. (b) Even-
mode circuit. (¢) Odd-mode circuit.

where Aj,, Bi,, Ci,, and Di, (x = a, b, c) are derived in
(40)—(43), as shown at the bottom of the page.

A BS\ _ (A% (1 joL;
(& 2)=(a 5)=( ") w

Then, the S-parameters of proposed circuit shown in
Fig. 15(a) can be calculated by (26) and (27). The calculated
results of various cases are given in Figs. 16 and 17. To con-
firm the order of the BPF, C is set as O fF and k; is set as 0.
The calculated even- and odd-mode impedances are shown in
Fig. 16(a). Three TPs are generated by even- and odd-mode

B}

A{ BT\ costr jZ,cosb, cos20, jZcos?20, costhr jZ,cosb, 1 jwLs @n
Ci DY) \jYasinh, cosb, jY1sin26, cos 26, jY,sin6, cosbs 0 1
A’l’ B{’ _ costr, jZycosb, cosf; jZicosb 1 0
C{’ Di’ “ \jY2sin6, cos6, jYysinf;  cos6, 4joC 1
o« cost) jZjcosb costh jZcosb 1 jwLs 42)
jY;sinf;  cos6, jY2sin0, cos6, 0 1
Af, Bio\ _ (1 joLas cosbty jZicos04 cosbzs jZzcoslss 43)
Ci, Di, —\0 1 jY4sin6,  cosby JjYssinbss  cosOss
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Fig. 16. (a) Calculated input impedances of even mode and odd mode when

C = 0 fF and ko = 0. (b) Calculated |S>;| under different k;. (c) Different
tapped positions of the feed-line (i.e., Cases A and B). (d) Calculated |S»]
and |S;;| under different tapped positions.

circuits, which implies that the BPF is third-order. The center
frequency of the third-order BPF is mainly determined by the
parameters of two types of resonators mentioned in Section II.
Note that three resonators are coupled by three inductive parts
in series, as shown in Fig. 15(a). Thus, the bandwidth of
the third-order BPF can be tuned by changing the coupling
coefficient k;, as shown in Fig. 16(b). Note that the feed-line
is tapped to the filter. Fig. 16(c) depicts the schematic of
different tapped positions of the feed-line (i.e., Cases A and B).
By changing the tapped position, suitable loading strength of
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Fig. 17. (a) Calculated input impedances of even mode and odd mode when

C = 7 fF and k, = 0.025. (b) Calculated |S;| under various C and k;.
(c) Calculated |S>;| under different k, when C = 7 fF. (d) Calculated |S,;]
under different C when k, = 0.025.

the feed-lines can be obtained for good passband performance,
as shown in Fig. 16(d).

To enhance the passband selectivity and stopband rejection
level, additional TZs can be generated at the upper and lower
stopbands under the condition of Zj,e = Zi,o, as mentioned in
Section III-A. In this design, two cross couplings including the
magnetic coupling between the inductor L, of two resonator 1
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TABLE I
COMPARISON OF STATE-OF-THE-ART ON-CHIP BPFs

2187

Technology Filter fe Insertion | FBW Stopband Stopband .
Ref. & Structure Order | (GHz) | Loss (dB) (%) Rejection [S11] Core Size
0.18-pm CMOS >20 dB up to 110 GHz >-5 dB up to 110 GHz 2
[7] & MS 2 58.5 35 15.4 (1.91.) (1.9f.)* 0.074 mm
(1] 0'18;‘&%’[05 2 115 2.78 365 | >20dB (‘Z‘PZ}O)ZS GHz N/A 0.246 mm?2
<~ Jc
0.13-pm SiGe >30 dB up to 67 GHz >-4 dB up to 67 GHz 2
[18] & ICT 2 17 35 27.8 (3.9f.) (3.9f0)* 0.053 mm
0.13-pm (Bi)-CMOS >20 dB up to 67 GHz >-4 dB up to 67 GHz 2
[19] & QI‘_‘E 2 29 35 26.7 231.) 23f0) 0.028 mm
[20] 0'13"‘2 I%ECMOS 2 31 2.7 175 | >30dB (‘z‘pz}‘) )67 GHz N/A 0.044 mm?
-~ Jc
0.13-pm (Bi)-CMOS >20 dB up to 70 GHz >-6 dB up to 70 GHz 2
[22] & BCR 3 31 39 51 221.) 22f)* 0.075 mm
. 40-nm CMOS >30 dB up to 140 GHz | >-4 dB up to 140 GHz 5
This work I & SIDGS 2 28 2.7 20.4 55) 552 0.051 mm
This work II 40-SIzmSlI]C)I(\}/I§) S 3 28 29 47 >27 dB &Pl? )1 70 GHz | >-4 dB ?Sp st‘;_.) ;55 GHz 0.073 mm?
AdJe DJc
*: Estimated from the figure.
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(b) Fig. 19. (a) Photograph of the proposed third-order BPF. (b) Measured and

Fig. 18.  (a) Calculated and simulated [S1;| and |Sy;| of the third-order
BPF. (b) Simulated radiation/conductor/dielectric loss rates of the third-order
BPF (I} = 228.6, [, = 93.15, I3 = 129.15, Iy = 24.3, Is = 27, ¢ = 33.3,
l7 = 1944, Ig = 228.6, Iy = 130.5, l1jp = 91.8, I;; = 109.62, [;» = 19.8,
L3 = 35.1, Iy = 122.85, I15 = 84.15, dj = 15.3, dy = 51.3, d3 = 5.4,
dy=18,ds =138, ds =54, d7 =3.6, w; = 2.16, and wy = 3.6, unit: xm.
C=71fF Ly =9pH, L, =109 pH, L3 = 178 pH, L4 = 18 pH, Ls = 13 pH,
Lo =24 pH, k; =05, kp =0.025, Z, =14 Q, Z, =15 Q, Z3 =8 Q,
Zy =10 Q, ) = 15.4°, 6, =2.7°, 03 = 6°, 04 = 1.5°, and 05 = 8.6°).

and the electric coupling caused by the parallel-plate capaci-
tors can change Zi,,, as shown in Fig. 15. Fig. 17(a) shows
Zino and Z;,e under C = 7 fF and k, = 0.025, which exhibits
two additional intersects compared with Fig. 16(b). Fig. 17(b)
demonstrates the S-parameters under different C and k.
Note that the magnetic coupling between the inductors of

simulated results of the proposed third-order BPF.

two resonator 1 could generate a TZ at the lower stopband.
Meanwhile, the electric coupling caused by the parallel-plate
capacitors between two resonator 1 could generate a TZ at the
upper stopband. In addition, two TZs can be independently
adjusted by C and kp, as shown in Fig. 17(c) and (d).
The calculated and simulated S-parameters of the proposed
third-order BPF are shown in Fig. 18(a), which shows a good
agreement. Besides, radiation/conductor/dielectric loss rates of
the third-order BPF are simulated and calculated, as shown in
Fig. 18(b).

The design procedure of the third-order BPF is summarized
as follows. The first step is to obtain the parameters of the
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Fig. 20. (a) 3-D view of the filtering balun. (b) Configuration of MS8.
(c) Configuration of V7 and M7. (d) Configuration of V6 and M6.

Z4/0,
(b) (©

Fig. 21.  (a) Equivalent circuit of the proposed filtering balun with an
additional port P4. (c) Even-mode circuit. (d) Odd-mode circuit.

resonators according to the center frequency of the filter
specifications according to Figs. 3(b) and 6(b). The second
step is to obtain the parameters about coupling relationship
of the resonators and feed-line according to specification of
bandwidth and TZ. The desired bandwidth can be obtained
by adjusting the value of coupling coefficient k;, as shown
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in Fig. 16(b). The suitable loading strength can be obtained
by adjusting the tapped position of feed-line, according to
Fig. 16(c) and (d). Then, the desired location of TZ can
be obtained by adjusting the value of C and k, about cross
couplings, according to Fig. 17(c) and (d). The third step is to
implement the layout of the filter according to the parameters
of the equivalent circuits.

Based on the design procedure mentioned above, the
third-order BPF is fabricated in a standard 40-nm CMOS
technology, as displayed in Fig. 19(a). The simulated and
measured results of the S-parameters are shown in Fig. 19(b).
The center frequency of the BPF is 28 GHz with the 3-dB
FBW of 47%. The minimum in-band insertion loss is 2.9 dB.
The return loss is better than 15 dB in the simulated result.
However, due to the deviation of the dielectric parameters
between simulation and practical fabrication and the parasitic
parameters of GSG pad, the measured return loss is worse
than 10 dB. Meanwhile, the stopband is up to 170 GHz with a
rejection level higher than 27 dB. The stopband |Sj;| is higher
than —4 dB up to 155 GHz. In addition, the core circuit size
of the BPF is 258x283 um?. A comparison of the on-chip
millimeter-wave BPFs with the state-of-the-arts is shown in
Table I, which reveals that the proposed filters have merits of
low insertion loss, wide stopband with high rejection level,
and wideband low radiation.

IV. IMPLEMENTATION AND ANALYSIS OF FILTERING
BALUN USING SIDGS RESONATORS

The proposed SIDGS resonators are also useful in fil-
tering balun design. The balun is implemented by three
stacked-coupled SIDGS resonators. The feed-lines are tapped
to each resonator for the input and two unbalanced outputs.
The configuration and simplified equivalent circuit of the balun
are shown in Figs. 20 and 21, which are similar to the
third-order BPF with an additional port. To demonstrate the
principle of the filtering balun, an open-circuited terminal of
the equivalent circuit is replaced by a load (i.e., P4) to form
a fully symmetrical network, as shown in Fig. 21(a). Thus,
the even- and odd-mode analyses can be used for calculation,
as shown in Fig. 21(b) and (c), respectively. According to [45],
S>1 = —831 can be achieved when

Teven (1 — I
e en( odd) -0 (44)
2 — I_Zeven_ Fodd

Teven and 1544 are the input reflection coefficients of the even-
and odd-mode circuits, respectively, and Tey, denotes the
transmission coefficient of the even-mode circuit. To obtain
Teven, the input impedance Zj,. of the even-mode circuit in
Fig. 21(c) can be derived as

Z4 — Zztan O tan 6,

Zine = 45
mne 3jZ3 tan 6y + jZ4tan 05 (43)
T even can be derived as
Zine — Z
]—éven = LO~ (46)
Zine + ZO

Note that Zj,. is imaginary. Thus, |Ieven| = 1 and [Teyen| =
0, which satisfy the condition of S;; = —S83 in (44).
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Fig. 22. (a) Calculated and simulated |Siy], |S21], and |S31] of the filtering Fig. 24.  Measured and simulated results of the proposed filtering balun.
balun. (b) Simulated radiation/conductor/dielectric loss rates of the filtering (a) S-parameters. (b) In-band amplitude and phase imbalances.

balun (I} = 246.6, [, = 19.62, I3 = 293.76, I, = 120.15, Is = 246.6,
le =423, 17 = 198, Ig = 142.92, Iy = 44.55, ;9 = 180.45, [;; = 21.42,

dy =54 dy = 18, dy = 1.8, dy — 5.4, ds — 3.6, w1 = 2.16, and wy — 3.6, Where Zy is derived as

unit: gm. L1 = 24 pH, L, = 141 pH, L3 = 231 pH, L4 = 30 pH, Ls = 6 pH, : : _
ki =036, 21 =22 Q, 2, =25Q, Z3 =21 Q, Z4 = 24 Q, 0; = 21.1°, Zy = jo(Ls — M) — JoM(joLo — M) + Z,) . (48)
6 =2.6°, 03 = 12.5°, and 6; = 1.3°). JoM + jo(L, — M)+ Z,
i Z. can be derived as
1 YnY
——Y, =Y, - 22 (49)
Zy Yo+ Y22
where Yy = 1/50 S. Y11, Y22, Y12, and Y>; are calculated as
Dy D,
Yi=—+— 50
n=g + B (50)
B.Ci — AD B,C, — A, D
y, = 2161 1D B 2Dy 51)
B, B,
vy = Ly (52)
n=3 %
A As
Fig. 23.  Photograph of the filtering balun. Y = B_ + B_2 (53)
1

A;, B;, C;, and D; (i = 1, 2) can be derived as (54), shown

To calculate the frequency response of the balun, the input at the bottom of the page, and (55).

impedance Z;,, of the odd-mode circuit can be derived as (47), Ay By (1 joL; (55)
shown at the bottom of the page, from the circuit in Fig. 21(c), C, D) \O 1 ’

o Z3Z4(joLs +2Zy + jZstanby) + jZ3tan 05(Zs + j (joLa + 2Z,) tan 63)
"2 Zy(Za+ j(joLs +2Z,) tan0y) + jZa(jooLs +2Zy + jZystanby)

Ay Br\ _ cosl, jZycosO, cos20, jZ;cos20; cost, jZycosO, 1 joLs (54)
Ci D)~ \jY,sin6, cosb, jY1sin260;  cos26; jYasin6, cosb, 0 1

(47)
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TABLE 11
COMPARISON OF THE STATE-OF-THE-ART ON-CHIP BALUN

Ref Technology Filter fe Insertion FBW | Amp.-Imbalance (dB) Stopband Core Size
et & Structure Function | (GHz) | Loss (dB) (%) /Phase-Imbalance (°) Rejection
[24] 0'18;”&,%“05 No 435 2 110 <t1/<+4 N/A 0.07 mm?
28] S‘Gg %g\l)\vaos No 50 2 40 <40.2/<2.7 N/A 0.036 mm?
[29] 0'185“&%\405 No 40 25 125 <l/<+5 N/A 0231 mm?
0.18-zm CMOS .
[30] & Coupled-Line | N° 33.1 2 88 <1.3/<2.5 N/A 0.043 mm
[31] O'E'S"SH&%SGC No 17.5 0.7 125.7 <+1/<£1.65 N/A 0.054 mm?
33] Gagsxfgﬁg” Yes 55 2 273 <0.63/<+3.7 520 dB up t0 20 GHz 3.6f.) | 1 mm?
34] O-18-pum CMOS | e 2 22 16.7 <0.3/<5 30 dB up to 60 GHz (2.5f.) | 0.236 mm?
This work 403‘2132?5 Yes 25 2 kY <0.6/<+1.1 >30 dB up to 50 GHz* | 0.097 mm?

*: The stopband is limited by the measurement setup. The stopband in simulation is up to 175 GHz (7 f.) with the rejection level larger than 30 dB.

The S-parameters are calculated as

Zine + Zino - 2ZO

S = 56

! Zine + Zino + 2ZO ( )
1—[Si)?

1S21] = [S31] = - (57)

Fig. 22(a) shows the S-parameters calculated from the
equivalent circuit of the balun and simulated from the layout.
Besides, radiation/conductor/dielectric loss rates of the balun
are simulated and calculated, as shown in Fig. 22(b). Note that
there is a radiation point at around 100 GHz. Such radiation
can cause the deviation between the practical layout to the
simplified equivalent model.

The filtering balun is fabricated in a standard 40-nm CMOS
technology, as displayed in Fig. 23. The simulated and mea-
sured results of the S-parameters are shown in Fig. 24. The
center frequency of the BPF is 25 GHz with the 3-dB FBW of
32%. The minimum in-band insertion loss is 2 dB excluding
the theoretical 3-dB loss. The in-band amplitude and phase
imbalances are 0.6 dB and +1.1°, respectively. Meanwhile,
the stopband is up to 175 GHz with a rejection level higher
than 30 dB according to simulation. Limited by the setup of the
measurement, the stopband of the balun over 50 GHz cannot
be measured. In addition, the core circuit size of the balun is
273 x 355 um?. A comparison of the on-chip millimeter-wave
filtering balun with the state-of-the-arts is shown in Table II,
which reveals that the proposed balun has merits of low in-
band amplitude/phase imbalance and wide stopband with high
rejection level.

V. CONCLUSION

In this article, two types of millimeter-wave SIDGS res-
onators are proposed for filter and balun implementation on
the 40-nm CMOS. Such SIDGS resonators are composed of
DGS with grounded shield and surrounding metal vias, which
not only exhibit wide stopband with low radiation loss but
also be flexible to integrate with active circuits. Different
coupling methods based on the proposed SIDGS resonators
are used to design second-/third-order BPFs and filtering

balun. To verify the principle, the proposed filters and balun
are fabricated in a standard 40-nm CMOS technology. The
narrowband second-order filter and wideband third-order filter
have merits of low insertion loss, wide upper stopband with
high rejection level, wideband low radiation loss, and good
passband selectivity. The filtering balun shows merits of low
in-band amplitude/phase imbalances and wide stopband with
high rejection level.

APPENDIX
Z!

Zij, Z};, and Zl”] (i, j =1, 2,3, 4) in Section III-A are
the Z-matrix parameters of the coupled line shown in Fig. 9,
which are derived as [43]

Zy=2Zn=2Zy3=2Zyu= %J(Zze + Z3,) cot 6, (58)
—J
Zin=2n=2Zy=72p= 7(22e — Z3,) cot 0 (59)
—J
Ziz=231=2Zy=2Zp= 7(226 — Za,) csc b, (60)
Ziyy=2y=2pn=72n= %J(Zze + Z5,) csc O, (61)
Zyw=2y=2Zyz=2Zy= %J(Zze + Z,) cotth (62)
/ / / / _.]
Ly =2y =2Zyy=7Zy= T(Zze — Z»,) cotb, (63)
Zyy=2y=2y=2Z)= %J(Zze — Zy,)cscth (64)
Ziy=Zhy =2y =Zj = _7’(226 + Za)escly  (65)
/7 7" /7 " _.]
L\ =Z2ypy=2y=2y = 7(226 + Z3,) cot(0y + 62)
(66)
/7 7" /7 " _.]
Ly =12y =2y =245= 7(226 — Zap) cot(t + 62)
(67)
Zl =2l =2 =27y = %’(zze — Zoy)esc(Or + 6)
(68)
Z/1/4 = ZXI = Z/2/3 = Zglz = %J(Zze + Z5,) CSC(Q] +92)
(69)
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The relationship between physical dimensions of the cou-
pled line and Z,,., Z, can be established using the method in
[46] with EM simulation.
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