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Abstract

This dissertation presents a design of high miniaturized third-order transmission-
line-based (TL-based) active bandpass filter (BPF), which is fabricated using standard
0.18-um complementary metal-oxide-semiconductor (CMOS) one-poly six-metal
(1P6M) technology on a silicon substrate with a thickness of 480 ym and designed at
the central frequency of 1.58 GHz in a chip area of 0.58% 1o x 0.44% 1o, Ao iS the
free-space wavelength at the central frequency. In this dissertation, the RF BPFs, which
are fabricated in semiconductortechnologies and presented in the published literature,
are assessed against the degree of mi ni_aturlfgéti on and acceptability of performance. The
statistics are summarized in a figLJre,[ Which reveals that the CMOS TL-based active
BPF herein has the lowest normalized area per resonator of active BPFs and the degree
of miniaturization approaches the one of commercial FBAR devices. The new synthetic
transmission line proposed in this dissertation has the widely flexibilities on the
syntheses of guiding characteristics, like complementary-conducting-strip transmission
line (CCSTL), and can further reduce the occupied chip area without compromising the
transmission loss. Thus, such a synthetic transmission line enables the CMOS TL -based
active BPF herein to be substantially miniaturized. Moreover, the frequency dependent

negative conductance, which is produced from a modified nMOS cross-coupled pair,



compensates for the frequency dependent loss in the TL-based resonator to enhance the
quality factor (Q factor) of a composite parallel resonator. Therefore, the CMOS
TL-based active BPF acquires adequate loss compensation to reduce the insertion loss
with good passband flatness and the stability is also improved. Based on the techniques
mentioned above, an CMOS third-order TL-based active BPF with low passband
disturbance is designed in a chip area of 1099.47 um x 837.48 um or 0.58% A x 0.44%
Jo. The prototype consumes a current of 8.0 mA from 1.8 V and has 0.68-dB insertion
loss at the central frequency of 1.58 GHz. The'3dB bandwidth is 8% with the return
losses more than 16 dB. The passband rippleis 1.24.dB;

Additionally, the comprehensive desi:g'd;?rr{of wide upper stopband suppression for a
packaged 1.53 GHz CMOS active béndpass BPE.with on-chip electrostatic discharge
(ESD) protection circuits is developed from the chip level to the package in the second
part of this dissertation. So far, thisis the first time that outband spurious responses are
discussed and presented in the design of RF monoalithic active BPF. In a composite
paralel resonator, not only the signal at fundamental frequency but also the spurious
ones at odd-harmonic frequencies are enhanced by the degenerate NnMOS cross-coupled
pair. The spurious responses are controlled and shifted towards higher frequencies by
using the capacitively loaded TL resonator method in the COMS active BPF design to

achieve wide upper stopband suppression. The fabricated chip of the aforesaid CMOS
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active BPF is packaged using the chip-on-board (COB) processin an area of 3.71 mm x
2.50 mm. In the lumped equivalent circuit analysis, the ground bondwires, which
accompany the parasitic inductor at ground, in COB package influence the stopband
suppression of the packaged CMOS active BPF and this parasitic effect is minimized in
the package design. In addition, the influences of the variation in length per bondwire
on the stopband suppression are also demonstrated. Measurement results indicate that
the packaged CMOS active BPF has 0.95-dB insertion loss at a central frequency (fo) of
1.53 GHz with a 3dB bandwidth of 3:1%, whileaecurrent of 8 mA is consumed from 3.0
V. The stopband suppressions at; 2fg-and 3fy are'44.57. dB and 52.78 dB, respectively.
Furthermore, the suppression exoeedsB;Sl:'%aB from 1.09f, to 10.05f,. The ESD tests
demonstrate that the two RF ports of tﬁé prototype have the Human-Body Model (HBM)
ESD protection level of 500 V. Findly, in the temperature variation measurement, the
central frequency of the prototype shifts from 1.587 to 1.479 GHz with a shift rate of

-0.9 MHz/'C from-40C to +80C.
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Chapter 1
| ntroduction

This chapter focuses on the introduction, including the research motivation,
literature survey and statistics. Ultimately, the contributions and organization of this

dissertation are addressed in this chapter.

1.1 Motivation

In radio frequency (RF) field, bandpass filters,(BPFs) perform band selection and
interference rejection. Thus, the acceptz;b?i;e performance for BPFs includes a low
insertion loss, a high out-band rej éCtioh, amnarrew-passband and equal ripples, as shown
in Fig. 1.1 to ensure good RF band selectivity and rejection of potential interference in
the RF transceiver. Thus, to achieve the demand in Fig. 1.1, a high quality factor (O
factor) resonator for a BPF is necessary. Modern wireless communication is becoming
lower-cost and increasingly using compact RF transceivers. Moreover, the demand of
multi-band and multi-standard functionalities in small portable apparatuses is more and
more rigorous. Under this trend, the miniaturization of the BPF to the highest degree
facilitates compact and low-cost RF transceivers. However, during the process of

miniaturizing BPFs, the increasing loss is inevitably compromised. Thus, the



Low Insertion Loss
0 ] v | | v hd | 'S |

Equal ripple
High |
Re ection J

+“—>
Narrow Band

Magnitude (dB)

0.5 . 1.0 1.5 2.0 25 . 3.0
Frequency (GHz)

Fig. 1.1 Acceptable performance that'abandpassfi lter pOSsesses
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miniaturization of BPFs, while maintal rj1i ng acceptabl e performance, is one of the most

o =
=
m

important challenges. Nowadays, tﬁé amplifiers, ”mixers, oscillators and digital logic
circuits can be implemented and integrated using standard monolithic semiconductor
technologies. Nevertheless, the off-chip BPFs are still required to construct a completed
RF transceiver as shown in Fig. 1.2 (a). If the BPF is designed and fabricated using
standard semiconductor technologies, potentially, the objective of system-on-chip (SoC)
can be realized, as shown in Fig. 1.2 (b). The advantage of on-chip BPFs integrated in
monolithic RF transceiver is as follows. Firstly, the size of the completed transceiver
module can be substantially reduced. Secondly, decreasing the dependence of the

off-chip BPF, the complexity of the transceiver module and the manufacture cost can be
2



reduced. However, for the compact on-chip BPF with good RF band selectivity, the

active compensating mechanism is essential to enhance the Q factor of the resonator and

then, the on-chip active BPF is proposed.

K, =~ .
% > RF ——»| Baseband
Bandpass o

filter Monolithic IC

(a)
K RF ——p| Baseband

&
Monolithic IC

(b)

Fig. 1.2 (a) Monolithic receiver with ‘off-chip BRF.(b):Monolithic receiver with on-chip
active BPF.

GLNA=18.5 dB

NFLNA=2-5 dB NFABPF =14.5 dB

NF,=3.85 dB
>

&

LNA  On-chip Active BPF
(a)

GLNA=1 8.5 dB

‘ ‘ i ILgpr=1.5dB NFns=2.5dB

Off-chip BPF LNA
(b)
Fig. 1.3 Noise figure estimation (a) On-chip active BPF follows LNA. (b) LNA follows
Off-chip BPF.
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As the insertion loss of the on-chip active BPF is reduced, the noise figure is
simultaneously generated from the transistors and proportional to the consumed current.
The advanced and low-noise semiconductor process could facilitate the reduction of
noise figure. Although the increasing noise figure is inevitable for the on-chip active
BPF, a customized low noise amplifier (LNA) with good linearity can be placed in front
of the on-chip active BPF, as shown in Fig. 1.3 (a), to suppress the inevitable noise
figure. An example is described as follows. In practice, the LNA in CMOS process for
global positioning system (GPS) application has about the gain, G na, of 18.5 dB and
noise figure, NF_na, of 2.5 dB.:In Fig. 1.3 (a), the on-chip active BPF, which has the
noise figure, NFagpr, Of 14.5 dB, followsi";;e LNA.and the overall noise figure can be
reduced to about 3.85 dB. For the typféal architecture in Fig. 1.3 (b), the off-chip BPF,
which has the insertion loss, ILgpr, about 1.5 dB, is placed in front of the LNA. In other
words, the off-chip BPF contributes the noise figure about 1.5 dB. Thus, the overall
noise figure of the typical architecture in Fig. 1.3 (b) will be about 4 dB and almost
equal to the one, calculated from the architecture that the on-chip active BPF follows
the LNA in Fig. 1.3 (a). Otherwise, the received signal from the satellites is typically
-130 dBm and can be amplified to about -108 dBm through the antenna and LNA. If the
input third-order intermodulation intercept point (I1Ps) and input 1-dB compression

point (Pigs) oOf the on-chip active BPF are about -10 to -5 dBm and -20 to -15 dBm,



respectively, the signal couldn’t be blocked. The above-mentioned reveals the potential

of the on-chip active BPF in practical application.

1.2 Literature Survey and Satistics

Semiconductor technologies are used to fabricate highly miniaturized BPFs, such
as integrated passive device (IPD) filter [1]. These BPFs must have alow insertion loss,
a high out-band rejection, and a narrow passband, to ensure good RF band selectivity
and rejection of potential interference in the RFE.transceiver. In this dissertation, two
parameters are proposed herein, to-assess the miniaturization and acceptability of
performance of the BPFs. The first facto.rl;'%s;the normalized area per resonator (APR),

and is expressed as,

APR:%xloo % (11)

N-(%)
where 4 and Ao are the physical area of the BPF and the free-space wavelength at the
central frequency, respectively. N in (1.1) denotes the number of the resonators in the
BPF. APR in (1.1) measures the miniaturization of the resonator, as required for usein a
BPF. For example, an APR of 10 % indicates that one resonator can be redlized in an
area of 1.0% Ao by 1.0% 0. The second factor is the normalized 3dB bandwidth over the

magnitude of the transmission coefficient (BOT), and is expressed as



3dB Bandwidth _ Fractional Bandwidth
fo ) ‘S21‘ ‘S 21‘

BOT = (1.2),

where fy is the central frequency of the passband for the BPF and |S21| is the magnitude
of the transmission coefficient at the central frequency of the BPF. The BOT defined in
(1.2) indicates RF band selectivity, combined with the inherent quality factor of the
resonator. Typically a BPF that is constructed from a resonator of high quality factor (Q
factor) can achieve an |Sx| that approaches one with a narrow 3dB bandwidth and,
therefore, a low BOT value, yielding acceptable performance of the BPF. Fig. 1.4,
which includes the prototypes covering frequenciesfrem 1.58 GHz to 65 GHz, plots the
APR against BOT for monolithic BPFs that%are constructed from at |east two resonators.
The statistics in Fig. 1.4 refer to BPEs ihat are :in.-the small-signal operation and based
on silicon-based IPD technologies [1], standard CMOS in this work and [2]-[11], GaAs
pHEMT [12], GaAs HBT [13], GaAs MESFET [14], GaAs HJFET [15],
micro-electro-mechanical systems (MEMS) [16] and thin-film bulk acoustic-wave
resonator (FBAR) [17], [18]. For example, the FBAR filter [18], which comprises seven
resonators, has an insertion loss of 1.8 dB, a 3dB bandwidth of 60 MHz, and a central
frequency of 1.96 GHz, occupying an area of 0.56 mm? Based on (1.1) and (1.2), the

APR is 3.42x10™ % and BOT is 0.037, as shown in Fig. 1.4. These prototypes show the

demand on filter design with the lowest APR and BOT for the high circuit



miniaturization and frequency selectivity.

1
10 e
I 15[, GaAS O/15 am | -
0
R s R s Ssst F— ———— P EMOS 0,13 am
®[12], GaAs 0.15 um [6], CMOS 0.18 um )
]
10-1 14, GaAs 05 #1531, CMOS.0.18 um
P B Gaas hadm Ay D3 COMOS 0018 ]
/ [Aﬂ RO -DN-1R. A‘ !
A i l l, L U3t l\JDUlOﬂlll
2 102 [11], CMOS 0.25 ym J [4], CMOS 0.18 y#m
e \\ """""" S TTIN | 3 R [16], CMOS MEMS i h
o I ‘7f ,,,,,,,,,,,, l. ,,,,,,,,,,, @3, GaAs____ i i
&~ 10° Aoyt M I8LCMOS 0.18 ym
< AR /A R ViihisiWork, :
B \CMOSO0.18 um
. [18], FBAR
10 = /00 S R (9], CMOS- 0.8 e -
J100-- ECNOS-H -1
llUJ, VIO U 10 ﬂl.ll
10° m 1) Passive BPFs
= ® 2) Lump-based Active BPFs
|17],FBAR A 2\ h . N At D
0} L=0adsCU ACULIVO DII'S
10°
-2 -1 0
10 10 10

Fig. 1.4 APR(normalized area per resonator) agaivnst BOT(normalized 3dB bandwidth
over the magnitude of the transmissioncoefficient) for BPFs fabricated using

semiconductor technologies.

The statisticsin Fig. 1.4 identify three categories:

1) The passive BPFs, constructed with monolithic transmission lines [2]-[4] and,

lumped elements [1], [16]-[18] are represented by sguare symbolsin Fig. 1.4. Since the

O factor of atypical monolithic transmission line is proportional to the square root of

the frequency, the increasing Q factor of the resonator based on the monolithic

transmission lines offers great opportunity to design on-chip passive bandpass filter,

such as [2], and be directly integrated in the monolithic transceiver. However, the O
7



factor of the passive transmission-line based resonator is still inadequate even at
millimeter wave band and the insertion loss at the central frequency is significant, as
shown in [2, Fig. 12]. Thus, Fig. 1.4 displays the passive BPFs, implemented in
standard CMOS technology [2]-[4], which have atypical BOT of higher than 0.25. This
result implies that the typical CMOS or GaAs processes severely limit the design of
high-Q and narrowband monoalithic filters strictly in the passive form. Additionaly, to
reduce the loss of the lumped elements implemented in the semiconductor technologies,
the passive BPFs are designed and.implemented. respectively in IPD technology [1]
based on the special semiconductor process and micromachining technology [16] based
on MEMS. Thus, the insertion 10ss anq chdlx,_parea of the passive BPFs, implemented in
non-typicd  CMOS process, can be . simultaneously reduced. Different from the
electromagnetic wave resonating in the resonator, the FBAR technology uses the bulk
acoustic wave resonating in the resonator. The advantage of this technology lies in low
propagation loss that acoustic wave suffers from in acoustic materials at low frequency
and the acoustic wavelength which is three to four orders of magnitude less than the
electromagnetic one. Therefore, the semiconductor-based FBAR passive filter [17], [18]
has the lowest APR (5.43x10° % [17] and 3.42x10* % [18]) with arelatively low value
of BOT (0.038 [17] and 0.037 [18], respectively), demonstrating the best tradeoff

between BPF miniaturization and performances.



2) The BPF designs with lumped elements and transistors to reduce loss are
lump-based active BPFs, and represented by dots [9]-[14] in Fig. 1.4. In order to
compensate for the loss of the lumped elements, such as inductors, severa techniques
has been demonstrated to reduce the loss of BPFs, including transformer-based
0-enhancement method [10] [11] and compensation with the negative conductance
connected to the lossy resonator tanks [9] [12]. The active BPFs have lower BOT (0.028
[11], which has an insertion loss of 0 dB, a 3dB bandwidth of 60 MHz, and a central
frequency of 2.14 GHz) and exhibit @ enhancement by the active circuit compensation
for the losses that occur in the passive devices. Additienally, ascribed to the greater part
of the chip area occupied by the inductoé?the inductorless active BPFs [13] [14] are
proposed and demonstrate the mi'hiaIlIJrization. The active circuits, such as gyrator or
gmC céls, are designed to synthesize the required inductance by impedance
transformation. Nevertheless, the inductance realized by these circuits is proportional to
a capacitance and inversely proportional to the square of a transconductance and this
means more current consumed will be paid for small inductance. In the other words, the
inductorless active BPF is inappropriately designed at high frequency. Although the
active filters can achieve lower BOT than the passive ones, the passband noise figure of
the active prototypes, which is not easily observed in the Fig. 1.4, is relatively higher

than that of the passive prototypes. The active devices, however, produce the extra noise



power to affect the signal to noise ratio in the passband.

3) The BPFs, in which the resonators consist of transmission lines (TLs) and
transistors to compensate for loss, are regarded as TL-based active BPFs, and
represented by triangular symbols [5]-[8], [15] and this work. The monolithic
transmission-line-based active BPF [15] is designed at a central frequency of 65 GHz,
occupying an area of 2.57 mm? and the APR is 6.45 %. In general, the lumped elements
are usualy adopted to design compact monolithic integrated circuit, such as
above-mentioned lump-based active BPFs [9]-[14]. Thus, the APR of [9]-[14] ranges
from 1.85x10° % [9] to 0.28 % [12] and is far smaller than [15]. While the synthetic
transmission line, compl ementary-condlj'é;:tfi"ng—strip transmission line (CCS-TL) is
proposed [19], the TL-based aCtiv[e. BPFw[5];designed based on CCS-TLs, is
substantially miniaturized with the APR of 2.1x102 % in Fig 1.4. Then, the following [6]
and [7] are respectively designed at Ka and K band. For further miniaturization,
TL-based active BPFs in this work and [8] adopt the new synthetic transmission line
and have lower APR values than lump-based active BPFs [9]-[14]. The most interesting
finding from Fig. 1.4 is that both the lump-based active BPF (dots) and the TL-based
active BPF (triangles) converge to the FBAR filter [18].

Stopband suppression is required for BPF designs. Related techniques, such as the

stepped-impedance resonator (SIR) in [20] and multiple-mode resonator (MMR) in [21],
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have been extensively realized in planar-printed-circuit-board (PCB) technologies. In
semiconductor technologies, the active BPFs [5]-[15] in Fig. 1.4 merely focus on the
loss compensation within a narrow passband, but the behavior of out-band responses are
rarely mentioned. In addition to in-band loss compensation, the minimization of
passband disturbance and prototype miniaturization, wide stopband with high spurious
suppression is also important to prevent the out-band intermodulation product from
falling within the passband of the active BPF, especially at a congested spectrum below
6 GHz. Take the prototype of 1.58 . GHz CMOS active BFP with 8% 3dB bandwidth
herein as an example, two tone signals at 875" MHz, and 2.45 GHz are sent to this
prototype, which causes the out-band adg;a:order intermodulation product to appear at
1.575 GHz within the passband. The édive compensating mechanism, which enhances
out-band spurious responses, and the package, which accompanies parasitic effects, can
influence the out-band response of the monolithic active BPFs. Appropriate
modification for the active resonator can control the enhanced spurious responses and
enable the active BPFs to have wide stopband suppression. The GaAs process provides
ground via holes, which facilitate monolithic BPFs to be grounded in the package, and
thus the ground parasitic inductance can be minimized. However, owing to the lack of
ground via holes in standard CMOS technology, as the CMOS active BPFs are

packaged, the effect of ground parasitic inductance needs to be characterized and
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minimized by appropriate package design to achieve the desired stopband suppression.

1.3 List of Contributions

The contributions arising from this dissertation are as follows:

® The present semiconductor-technology based RF BPFs in published literature are
assessed against the miniaturization and acceptability of performance. The
statistics reveal the tendency of miniaturization.

® The new synthetic transmission line, which can simultaneously improve
miniaturization without compremising transmissien loss, is demonstrated.

® The loss compensation methodolééy, which can minimize the passband
disturbance and stebilize the aetive BREss presented,

® The third-order TL-based active BPF herein is fabricated using CMOS 0.18-um
1P6M technology and the measurement results confirm good passband flatness.
The statistics show that the miniaturization of such a prototype is the best of
present active BPFs and approaches the commercial FBAR device.

® Thisisthe first time that the spurious response control is discussed and presented
in the design of RF monolithic active BPF.

® For the packaged CMOS TL-based active BPF, the inductive parasitic effect,

introduced from the package, is investigated and reduced to minimize the impact

12



on the stopband suppression.

1.4 Organization of ThisDissertation

There are six chaptersin this dissertation, and the rest is organized as follows:

Chapter 2 presents the guiding characteristics of the new synthetic transmission
line. The conventional complementary-conducting-strip transmission line (CCS TL) and
its design guideline is briefly reviewed. The design limit of the conventional CCS TL is
discussed and broken through by the proposed new C-CCS TL. By comparing the
guiding characteristics, which are extracted fromthe physical structures of conventional
CCS TL and C-CCS TLs with fix_ed Igﬁgth the C-CCS TL in whorl form can
simultaneously improve miniaturizati on andireduce transmission loss.

Chapter 3 and Appendix present the design of active bandpass filter with low
passband disturbance. Firstly, the adopted architecture of active BPF herein and the
single-ended active compensating mechanism based on the nMOS cross-coupled pair
are reviewed. However, the passband disturbance results from the frequency-dependent
loss, canceled by the constant negative conductance. According to the design equation,
which is presented to minimize the passband disturbance, a modified nMOS cross-
coupled pair with the degenerate load is designed to produce the frequency-dependent

negative conductance. From the circuit simulation for a physical composite paralel
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resonator, composed of a TL-based resonator and a modified nMOS cross-coupled pair,
the input conductance and its derivative both approach zero within a certain bandwidth
and reveal that, in addition to loss compensation, the proposed modified nMOS
cross-coupled pair can minimize the passband disturbance and stabilize the active BPF.

Chapter 4 demonstrates the implementation of the CMOS TL-based active BPF,
based on the miniaturization technology in Chapter 2 and loss compensation
methodology in Chapter 3, and the on-wafer measurement results. The prototype is
design at the central frequency (fo) of 1.58 GHz with 8% 3dB bandwidth and fabricated
using standard 0.18-zm CMOS 1P6M"technol ogy on asilicon substrate with a thickness
of 480-um in a chip area of 0.58%, _x‘ OZIZ% Ao, 40 1S the free-space wavelength at fo.
The measured S-parameters show that fﬁe passband:ripple can be reduced by as much as
76.3% from that of the typical nMOS cross-coupled pair without degenerate loads and
confirm the design methodology in Chapter 3 for minimizing the passband disturbance.

Chapter 5 demonstrates the design of wide stopband suppression for the CMOS
TL-based active BPF comprehensively from the chip level to the package. Additionally,
the measurement results confirm the packaged filter has the wide upper stopband,
extended from 1.09/; to 10.05fo, for the suppression level of 35 dB.

Chapter 6 concludes this dissertation.
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Chapter 2
New Compact Synthetic Transmission
Line

In this dissertation, the on-chip synthetic transmission line, the so-called condensed
complementary-conducting-strip transmission line (C-CCS TL) is adopted to design
CMOS TL-based active BPF. The C-CCS TLs, which have multiple signal lines in a
unit cell and can substantially reduce the occqpied chip area without compromising the

transmission loss, are demonstrated and investigated in this chapter.

2.1 Review of ConventionahCCS TL

The conventional CCS TL, which supports the quasi-TEM mode and is the
forerunner of the C-CCS TL, had been demonstrated the widely flexibilities on the
syntheses of guiding characteristics [19] [22] and the satisfaction of the metal density
requirement in semiconductor technologies. As displayed in Fig. 2.1 (a), one signal line
of the conventional CCS-TL is in a unit cell, whose dimensions are much smaller than a
guiding wavelength at the operating frequency, and meanders in plane to reduce the chip

area in Fig. 2.2 (a). Generally, the lumped elements are much smaller than the operating

wavelength and so, can be used to miniaturize monolithic microwave and millimeter-
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Fig. 2.1 Top-view of CCS unit cell. (a) Conventional CCS TL. (b) Condensed CCS TL.
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wave integrated circuits (MMIC) based on lumped elements as much as possible.

However, numerous prototypes [23]-[25], realized to verify the advantage of

conventional CCS TLs, have been miniaturized more effectively than circuits based on

lumped elements. Furthermore, the miniaturization of MMIC continues. The area

reduction factor (ARF) of the circuit based on the CCS TL, which is defined in (2.1)

[19], is inversely proportional to the periodicity (P, as shown in Fig. 2.1(a)) of the unit

cell. The design guidelines, summarized as Area-Influence Loss (AL) in (2.2) and in [22,
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Fig. 6], reveal that the quality factor (Q factor) of CCS TL is proportional to the
periodicity in a certain range of characteristic impedances. To improve simultaneously
the ARF and Q factor, the condensed CCS TL (C-CCS) is developed from the

conventional CCS TL.

0 30 um (a)
—

Fig. 2.2 CCS TLs with fixed length, 1920.0:umj at fixed scale. (a) Conventional CCS
TL. (b) Meander-forming C-CCS TL. (¢) Whorl-forming C-CCS TL.
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Fig. 2.3 Cross section of the standard 0.18-um CMOS 1P6M technology.
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2.2 New Condensed CCSTL

Fig. 2.2 (b) and 2.2 (c) present the C-CCS TL, in which multiple signal lines are
confined to a unit cell, as shown in Fig. 2.1 (b). The possibility of miniaturization
without compromising the Q factor of the C-CCS TL is investigated as follows. As
displayed in Fig. 2.2, all of the CCS TLs employ the unit cell in Fig. 2.1, with a
periodicity, P = 30.0 um, a square opening of width, Wj, = 26.3 um in the mesh ground
plane and a signal line of width, W = 4.5 um. In Fig. 2.2 (b) and (c) the line spacing, S,
between multiple signal lines in a unit cell is_i 1.2 um. Standard 0.18-um CMOS 1P6M

technology involves six metal layers;as shown m Fig. 2.3. The signal line is realized by

—

ﬂf239 um. The mesh ground plane is made

top metal layer, Metal-6, with a thickqeyss’
of metal layers from Metal-1 to Mét'alijf, vyieldin:g-.:a thickness of 4.67 um. The physical
length of each of the three CCS TLs in Fig. 2.2 is 1920.0 um. Fig. 2.2 (a) displays the
conventional CCS TL that consists of 64 lattices. The C-CCS TLs in Fig. 2.2 (b) and 2.2
(c) with a unit cell that contains four signal lines, M=4, are composed of 16 lattices and
occupy a quarter of the area that is occupied by the conventional CCS TL in Fig. 2.2(a).
As reported in [19, Sec. II], reducing the periodicity, P, can increase the ARF.
Additionally, for the C-CCS TL, increasing M, the number of single lines in a unit cell,

can increase the ARF. Hence, the C-CCS TL can reduce the area of MMICs more than

the conventional CCS TL. In Fig. 2.2 (b), which displays a meander-forming C-CCS TL,
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the signal track meanders and is folded into a hairpin shape in a unit cell. In Fig. 2.2 (¢),
which displays a whorl-forming C-CCS TL, the signal track has the whorl form.
Although Fig. 2.2 (b) and 2.2 (c) present the C-CCS TL with the same number of
signals, M, in one periodicity for fixed physical length and area, different track
arrangements produce different guiding characteristics. To extract the guiding
characteristics of the CCS TLs in Fig. 2.2, a series of numerical analyses are conducted.
The generalized two-port scattering parameters (S-parameters) are evaluated by
conducting full-wave electromagnetic simulatipns, using the ANSYS High Frequency

Structure Simulator (HFSS). Substituting the Sfparéme_tcrs, calculated by HFSS , into in

| Ly
——

[26, eqs. (7) and (8)], yields the guififﬁg}ché‘racteristics, including the characteristic
)‘ = = | A
impedance (Z.), and the complex pfoplzligation eonstant (), which equals to a+jf, where

p and a, respectively, are the phase and attenuation constants of the transmission line.
Fig. 2.4 presents the simulated guiding characteristics of the CCS TLs in Fig. 2.2,
and includes the characteristic impedance (Z;), slow wave factor (SWF), quality factor
(O factor). Fig. 2.5 plots normalized propagation loss per guiding wavelength (4,). SWF
is defined as f/fy, where fy is the free-space phase constant and Q factor is defined as

p/(2a). In Fig. 2.4 and Fig. 2.5, the triangles, dots and the squares represent the

conventional CCS TL in Fig. 2.2 (a), the meander-forming C-CCS TL in Fig. 2.2 (b) and
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Fig. 2.4. Guiding characteristics of CCS TLs in Fig. 2.2 (a) Characteristic impedance
(Zc). (b) O factor and slow wave factor (SWF).

the whorl-forming C-CCS TL in Fig. 2.2 (c), respectively. Since the skin effect at low

frequency causes the ohmic loss to dominate the total loss of the CCS TL, the imaginary

part of Z;, Im(Z,) in Fig. 2.4 (a) is negative. In Fig. 2.4 (a), the real part of Z., Re(Z;), of

the whorl-forming C-CCS TL is 133.12 Q at 1.58 GHz—almost twice that of the



conventional CCS TL and the meander-forming C-CCS TL. In Fig. 2.4 (b), the
whorl-forming C-CCS TL has the highest SWEF, 2.55, at 1.58 GHz exceeding the
theoretical limit \/Z =2 for the quasi-TEM transmission line. The valueg, is the
relative dielectric constant of the inter media dielectric (IMD) of standard 0.18-um
CMOS 1P6M technology and equals 4. The conventional CCS TL has an SWF, which
also exceeds 2, that approaches that of the whorl-forming C-CCS TL. The
meander-forming C-CCS TL has the lowest SWF —half of that of the whorl-forming
C-CCS TL. In Fig. 2.4 (b), the whorl-forming_‘C-CCS TL has the highest Q factor, 2.13,

at 1.58 GHz and the meander-forming one has the lowest. The whorl-forming C-CCS

Ve )

TL has the highest SWF and O factor. iThéi:Ffog, the whortl-forming C-CCS TL has the
lowest normalized propagation loss_in' Fig. 2:5+-Hewever, the meander-forming C-CCS

TL has the lowest Re(Z.), SWF and QO factor. Although the areas and structural
parameters are the same for both of the C-CCS TLs in Fig. 2.2 (b) and 2.2 (¢), the
different track arrangements enable the whorl-forming C-CCS TL to yield higher Re(Z)
and lower normalized propagation loss than the meander-forming one. The comparisons
in Fig. 2.5 demonstrate that the whorl-forming C-CCS TL can simultaneously improve
miniaturization and reduce normalized propagation loss. Accordingly, the active BPF

that is based on the whorl-forming C-CCS TL can be miniaturized without

compromising performance.
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As documented in a textbook f27],.the skin depth. is inversely proportional to the

square root of the frequency and the curve:iiﬂs_ﬂn Fig. 2.5 pvlot the frequency-dependence of

| |

A | _
the propagation losses of the CCS T]L The frequency-dependence of the propagation

loss disturbs the passband flatness of .the' active BPF. The following chapter will present
a design methodology that can enhance the Q factor of the on-chip TL-based resonator

and maintain the passband flatness of an active BPF.
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Chapter 3
Design of Active Bandpass Filter with
Minimized Passband Disturbance

The CMOS active bandpass filter (BPF) uses the active compensating network to
reduce the passband insertion loss. In addition to loss compensation, the active
compensating network herein not only can minimize the passband disturbance but also
improve the stability. Such a CMOS active BPF with minimized passband disturbance is

demonstrated as follows.

e P ! 'u‘: rﬂ

3.1 Architecture of ACti\)e BPF--

Fig. 3.1 presents the architecture of the third-order active BPF, which is
implemented using standard 0.18-um CMOS 1P6M technology. The third-order active
BPF is composed of three composite parallel resonators, which are numbered from i=1
to 1=3, and lumped coupling capacitors, Co; and Cj,, as the immittance inverters. The
voltage, Vp, at the D; node is applied to the composite parallel resonator in Fig. 3.1. The
capacitances of Cy; and Cj, are extracted based on the procedures in [28] for the
required frequency response. The bias circuit is designed to include a pMOS current

mirror to supply the drain currents to the composite parallel resonators. The total
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consumed current from Vpp is controlled by V.
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C()]:l.23 pF C12:674.6 fF
Fig. 3.1 Architecture of third-order active BPE that comprises three composite parallel

resonators, which are numbered from 1=1to i=3.

3.2 Q enhancement usin,g ji‘;fx:’["_égative Conductance
Circuit ) |

Fig 3.2 shows the composite parallel resonator [5], which is based on the CCS TL
and the nMOS cross-coupled pair. The two terminals of the CCS TL and the two drain
terminals of the nMOS cross-coupled pair are connected and correspond to the P; and Q;
nodes in Fig. 3.1 and Fig. 3.2. Since the parasitic capacitance that is provided by the
nMOS cross-coupled pair is a part of the composite parallel resonator, the CCS TL has a
length of less than 4,/2 where 4, 1s the guiding wavelength of the used CCS TL at the
resonant frequency, fo. The composite parallel resonator operates single endedly, not

differentially. Hence, the signal, between the P; and Q; nodes in Fig. 3.2, is the
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superposition of differential-mode and common-mode signals [5]. Between the two
drain terminals of an nMOS cross-coupled pair, differential-mode excitation produces
negative conductance to compensate for the loss of the composite parallel resonator, and
common-mode excitation results in the load. At the resonant frequency, the phase
difference between two terminals of the CCS TL (or two drain terminals of an nMOS
cross-coupled pair) is m. The differential-mode signal prevails over the common-mode
signal in the composite parallel resonator [5]. Therefore, the admittance between the
two drain terminals of the nMOS cross-coup_}gd pair is Yq(f) and the real part of the

Yad(f), Re(Yaa(f)) equals -gm/2, where'gn is the transconductance of the nMOS transistor

M

5l F) :_‘ ___ VVV— i Re(YL(f))
L

i P; o
. Yaa(f) ,-‘ ————————

ANV IRe(Tau £ )=gu2

nMOS Cross-coupled Pair
(@)
Fig. 3.2 Composite parallel resonator with negative conductance circuit (a) Schematic.

(b) Equivalent lumped circuit at the resonant frequency.

in the small-signal operation. The admittance between the two terminals of the CCS TL

is Yi(f) and the CCS TL is then equivalent to a parallel resonator with a parallel
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conductance, Re(YL(f)), which is the real part of Y1(f). Re(Y44(f)) cancels Re(Y1(f)) with
a proper Vp in Fig. 3.2 at the resonant frequency and the Q factor of the composite
parallel resonator is enhanced. However, the ohmic loss of the CCS TL in Fig. 2.5,
causes Re(YL(f)) to depend on frequency but the negative conductance, Re(Yyq(f)), is the
constant, -g,,/2. The total input conductance of the composite parallel resonator in Fig.
3.2 becomes frequency-dependent and the passband flatness of the active BPF is

disturbed.

3.3 Design of Frequency-dependent L oss

Compensation | %

The response of BPF is chéfact{efized byl the Chebyshev response with various

passband ripples [28], when the conductance of a parallel resonator is a constant zero at

all frequencies. Therefore, to minimize the passband disturbance by the frequency-
dependent Re(YL(f)), (3.1) must be satistied

9 Re(t, (/) +Re(Ty (/)| =0 1)
af =5

In Fig. 2.5, the derivative of the loss of CCS-TLs is negative and thus the derivative of
Re(YL(f)) is also negative. Consequently, the active compensating network must be

modified to produce the frequency-dependent Re(Y44(f)) with a positive derivative to
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satisfy (3.1).
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Fig. 3.3. Composite parallel resonator;i \%vit}_ﬂfreqﬁency-dependent negative conductance
compensation (a) TL-based resonator. (b) Active“€ompensating network with the

degenerate load. (c) Equivalent lumped eircuit at the résonant frequency.

As presented in Fig. 3.3 (a), the TL-based resonator is composed of a CCS TL and
a lumped capacitor with a capacitance, Ctp, and the equivalent circuit is as shown in Fig.
3.3 (b). In Fig. 3.3 (b), the active compensating network comprises the nMOS
cross-coupled pair and two identical degenerate loads. The degenerate load, which is
realized by a short-circuited CCS TL connected in parallel with a shunt capacitor with a
capacitance, Cye, is inserted between the source terminal of the nMOS transistor and the
ground. Fig. 3.3 (¢) represents the equivalent circuits of Fig. 3.3 (a) and Fig. 3.3 (b). The

equivalent circuit of the degenerate load is represented as a parallel resonator that
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consists of the inductance, L4, the resistance, Rge, and Cg.. The input impedance,
looking into the degenerate load from the source terminal of nMOS transistor, is defined
by Z4(f) and can be expressed by

Rde + ja)Lde
1 - a)zLde Cde + ijde Cde

Z4(f)= (3.2),

where w equals 2nf. The P; and Q; nodes in Fig. 3.3 combine the TL-based resonator in
Fig. 3.3 (a) with the active compensating network in Fig. 3.3 (b) and the composite
parallel resonator is formed. At the resonant fréquency, the phase difference between the
P; and Q; nodes equals m, the Ydd(f) shovs{nég F1g33 (c.)lv can be expressed by

| |
| ’ "1,..7' | ]
SN | 1

l(_gm _4w2CgstY ) Zde(f)+jw(cgs + Cds)
2 1+Zde(f)(gm+Ja)(Cgs+Cds))

Y, (f) = ) (3.3),

where C,s and Cys are the capacitance between the gate and source terminals and
between the drain and source terminals, of the nMOS transistor, respectively. In (3.3),
the real part of the Yu4(f), Re(Yu(f)) is frequency-dependent and the derivative of
Re(Y44(f)), is determined by the degenerate load. Appropriate design of the degenerate
load makes derivative of the Re(Yqq(f)) positive and approach the derivative of
[Re(YL(f))|. Therefore, (3.1) can be satisfied and the passband disturbance of the active

BPF can be minimized. Equation (3.2) is substituted into (3.3) to yield Re(Y44(f)) and
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the derivative of Re(Y4q4(f)) is obtained by differentiating Re(Yq4(f))[see (A1) and (A2) in
Appendix].

For verifying the validities of (3.2) and (3.3), the TL-based resonator in Fig. 3.3 (a)
and the active compensating network in Fig. 3.3(b) are designed based on standard
0.18-um 1P6M CMOS technology. In the BPF design, the resonant frequency of a
composite parallel resonator, fj, is 1.58 GHz. To achieve the TL-based active BPF with
the highest miniaturization and acceptable performance, the whorl-forming C-CCS TL,
which has four signal lines confined in one pgriodicity, is adopted with the following

structural parameters, shown in-Fig. 2.1 (b). P and Wi are 90.0 um and 78.75 um,

Ky
-
,.;’

respectively. The width, W, and thelline vsp Icfmg, S are 13 5 ym and 1.2 um, respectively.
) ‘-'.
The mesh ground plane is made'()f _ﬁlétal layers:from Metal-1 to Metal-4 yielding a

thickness of 4.67 um. The signal line is realized by top metal layer, Metal-6, with a
thickness of 2.39 um. The guiding characteristics are computed as a Re(Z;) of 103.9 Q,
a Q factor of 4.7 and an SWF of 2.85 at 1.58 GHz. The TL-based resonator in Fig. 3.3 (a)
uses Cyp of 1.54 pF and the whorl-forming C-CCS TL with a length, /p, of 5760.0 um.
The two nMOS transistors in the active compensating network in Fig. 3.3 (b) have a
width of 1.5x38 um and a length of 0.18 xm. In the degenerate load, Cge is 1.426 pF and

the whorl-forming C-CCS TL, whose guiding characteristics are identical to those of the

whorl-forming C-CCS TL used in the TL-based resonator, has a length, /s, of 2880.0 um.
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At the resonant frequency, between the P; and Q; nodes with a phase difference of =, the
equivalent lumped circuit of the composite parallel resonator is displayed in Fig. 3.3 (c).
The parallel conductance of the TL-based resonator is Re(Y.(f)). After the practical
circuits of the TL-based resonator and degenerate load, as presented in the next chapter,
are calculated using the HFSS simulator, Re(Y.(f)) is 4.28 mS with a derivative of
-3.596 mS/GHz at the resonant frequency. L4 of 2.803 nH and R4. of 9.2 Q are
extracted at the resonant frequency. When a current of 2.64 mA is consumed by the
active compensating network from a,Vp of 063 V.at the D; node, the transconductance,
gm, 15 15 mS and, C,s and Cgs are; 20965 fF and 38..;27 t_F, respectively. gm, Cos, Cas, Lde,
R and the given Cyg. are substituted 1p’to (:14&1) and (A2) and Re(Y4d(f)), -4.28 mS, and
the derivative of Re(Yq4(f)), 3. 757 mS/GHz are obtalned at the resonant frequency. In
Fig. 3.3 (c), at the resonant frequency, the sum of the imaginary parts of Y.(f) and Ya4(f),
Im(Y1(f)) and Im(Y44(f)), is zero. Re(YiL(f)), 4.28 mS is clearly canceled by Re(Y44(f)),
-4.28 mS and the Q factor of the composite parallel resonator is thus enhanced.
Equation (3.1), the sum of the derivative of Re(YL(f)), -3.596 mS/GHz, and the
derivative of Re(Y4(f)), 3.757 mS/GHz, is 0.161 mS/GHz, or 1.61x10° mS/10MHz,
which approaches zero. Consequently, the passband disturbance in the active BPF can

be minimized.

The caption in Fig. 3.4 represents the composite parallel resonator, which is
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composed of the TL-based resonator in Fig. 3.3 (a) and the active compensating
network in Fig. 3.3 (b). The equivalent circuit of the resonator is shown in Fig. 3.3 (c).
As shown in Fig. 3.4, Ycpr(f) is the input admittance, looking into the composite parallel
resonator from the P; node. The design is validated using the simulator, Agilent
Advanced Design System (ADS) 2009. The curves with square and triangular symbols
in Fig. 3.4 plot the input conductance, which is the real part of Ycpr(f), Re(Ycpr(f)), of
the composite parallel resonator with and without the degenerate load, respectively. The

composite parallel resonator without.degenerate load, has a Zy.(f) of zero, and consumes

12 —T T T T
—&— w/i degenerate load
—A— w/o degenerate load

10

Re(YCPR(f)) (mS)

_4 M 1 M 1 M 1 M 1 M 1 M 1 M 1 N 1

135 140 145 1.50 1.55 160 1.65 1.70 1.75 1.80
Frequency (GHz)

Fig. 3.4. Simulated Re(Ycpr(f)) of composite parallel resonator with and without
degenerate load.

a current of 1.24 mA from a Vp of 0.57 V at Dj node. The curve with triangular symbols
shows a Re(Ycpr(f)) that is reduced from 1.35 GHz with a negative derivative, and zero

at 1.58 GHz. Above 1.58 GHz, Re(Ycpr(f)) 1s negative, implying potential instability of
31



the composite parallel resonator without the degenerate load. For the composite parallel
resonator with the degenerate load, the curve with square symbols shows a similar trend
to that with triangular symbols, except at frequencies above 1.5 GHz. The slope of
Re(Ycpr(f)) markedly declines from 1.5 GHz and a bandwidth, within which Re(Ycpr(f))
is zero and the derivative of Re(Ycpr(f)) approaches zero, from 1.56 GHz to 1.6 GHz is
limited by the degenerate load. Above 1.6 GHz, Re(Ycpr(f)) and the derivative of
Re(Ycpr(f)) are positive, revealing the stability of the composite parallel resonator with
the degenerate load.

The aforementioned comparisons yerify the féasi_bility of the demonstrated active

Vom0
| T=s |

compensating network with the degjné?&fé loads¢that can minimize the passband
| - =S | :

|

|

1
i1 1

| 1 ;
disturbance and stabilize the “active BPEwThe-next chapter describes a practical

prototype of the TL-based active BPF with the design methodology that is presented in

this chapter.
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Chapter 4
Prototype | mplementation and
M easurement Results

The practical prototype in CMOS 0.18-um 1P6M technology and measurement
results, which are exhibited in this chapter, reveals the feasibility of the proposed

methodology in Chapter 2 and 3.

4.1 Prototypein CMQOSDO. 18-ﬂm 1P6M Technology

Fig. 4.1 shows the prototype of a thlrd-order TL-based active bandpass filter (BFP)
in standard 0.18-um complemehtary ‘metal-oxide—semiconductor (CMOS) one-poly
six-metal (1P6M) technology. The thickness of the silicon substrate is 480.0 um. All
capacitors are realized with metal-insulator-metal (MIM) topology with a capacitance
density of 1.0 fF/um®. The susceptance of the composite parallel resonator, whose
design is described in Chapter 3, is extracted and the two coupling capacitances of Cy,
1.23 pF and C);, 674.6 fF, shown in Fig. 3.1, are calculated to meet the central
frequency (resonant frequency), 1.58 GHz and bandwidth from 1.52 GHz to 1.64 GHz.
The Dj, P; and Q; nodes of the composite parallel resonator in Fig. 3.3 correspond to the

D;, P; and Q; nodes in Fig. 4.1. The whorl-forming C-CCS TL, adopted in the TL-based
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resonator, is implemented in 16 CCS cells, which occupy an area of 360.0 um by 360.0
um. The whorl-forming C-CCS TL, used in the degenerate load is implemented in 8
CCS cells, with an area of 360.0 um by 180.0 um. In the bias circuit, a pMOS current
mirror is designed as shown in Fig. 3.1. In Fig. 4.1, the total area of the prototype
without the contact pads is 1099.47 ym x 837.48 um, corresponding to an area of 0.58%
Ao x 0.44% Ag. S-parameters of the whorl-forming C-CCS TLs and MIM capacitors,

which are used in the prototype that is displayed in Fig. 4.1, are evaluated by ANSYS

2009.

Composite ! :

Barallel | ICTN T T

| I I
Résonator |b i~ /-2 = b= H

|
Qitn___l___l.._l___
==L
D!

IWhorl-Form ingI |

|llc€cs TL

I
I
| —— Ae— . S—

Fig. 4.1 Prototype of 1.58 GHz third-order active BPF in CMOS 0.18-ym 1P6M
technology; chip area is 1099.47 ym by 837.48 um.

4.2 S-parameter M easurements

On-wafer measurements to characterize the two-port S-parameters of the prototype
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in the 50-Q system are performed using an Agilent E8361C performance network
analyzer (PNA) after short-open-load-through (SOLT) calibration procedures are carried
out. The prototype is connected to the PNA through Picoprobe un-balanced SG and GS
probes, manufactured by GGB Industries Inc., Naples, FL. The output power of the
PNA is set to -17.0 dBm in the small-signal experiments. Before the small-signal
measurements are reported, contact pads applied to the RF input/output ports of the
prototype in Fig. 4.1 are deembeded. The total power consumed by the prototype is 8.0
mA from a Vpp of 1.8 V, when V. is;sét to 086 V.. The solid curve with square symbols
in Fig. 4.2 (a) has three reflection zeros with ‘a rétur_g loss of more than 16.0 dB. It

experimentally confirms the order of thr p'f;totype The central frequency is 1.58 GHz.
The 3dB bandwidth is 126.4 MH.Z.,_O_I'i 8:0%at-the central frequency. In the caption of

Fig. 4.2 (a), the doted curve with triangular symbols reveal the simulation results

without the degenerate load, exhibiting a passband ripple of 5.24 dB. The dashed curve

with dot symbols represents the simulation results with the degenerate load, showing a

passband ripple of 0.8 dB. The comparison between these two curves shows that the

proposed active compensating network with the degenerate load can reduce the

passband ripple by as much as 84.73%. Additionally, the solid curve with square

symbols shows that the measured insertion loss is 0.68 dB at the central frequency and a

passband ripple is 1.24 dB. The measurement results agree with the simulation results
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Fig. 4.2. Two-port S-parameters of prototype that is displayed in Fig. 4.1 in 50-Q system.
(a) Narrowband responses from 1.0 to 2.0 GHz. (b) Wideband responses from 0.1 GHz

to 6 GHz.

with the degenerate load, except the difference in passband ripple. This improvement of
the passband flatness, which relies on (3.1), is based on a major assumption that the g,

of two nMOS transistors is identical. However, the transistor mismatch, which is
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generated by the process variation and the layout arrangement, makes each resonator
have different Q factor and disturbs the passband flatness. The comparison between the
curves in the caption of Fig. 4.2 (a) shows a little difference in the right corner of the
passband, revealing about £10% variation in the Q factor of the resonators. Therefore,
as the measurement results are compared with the simulation data without the
degenerate load, the passband ripple is reduced by 76.3%. The experimental data in Fig.
4.2 (a) prove the design methodology of the active compensating network presented in
Chapter 3 minimizes the passband disturbgpce. Although similar designs for the
lump-based active BPF have been described in [9], the _r_ealization of such an active BPF
is based on differential topology. Flg’ 4:% v(b) plots the wideband responses of the
prototype from 0.1 GHz to 6 GHZ The sohd curve with square symbols, which
represents the measurement results, shows that the out-band suppressions at twice and
triple the central frequency are 52.26 dB and 55.3 dB, respectively. The short-doted
curve with triangular symbols in Fig. 4.2 (b) plots the ideal bandpass frequency
response, which is characterized by the third-order Chebyshev polynomial with an
identical return-loss to that of the prototype shown in Fig. 4.1 in the 50-Q system. Both
simulation and measurement results concerning the prototype are almost identical to the

ideal Chebyshev response. The conductance of an ideal parallel resonator is a constant

zero at all frequencies. However, as displayed in Fig. 3.4, the degenerate load limits a
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bandwidth, within which the Q factor of the composite parallel resonator is enhanced

(zero Re(Ycpr(f))) and the derivative of Re(Ycpr(f)) approaches zero. Therefore, the

difference below 1.49 GHz is caused by insufficient O enhancement. The comparisons

in Fig. 4.2 (b) verify that the design methodology that is proposed in Chapter 3 can be

used to apply the classical filter syntheses [28] in the active BPF design based on

standard 0.18-um CMOS 1P6M technology.
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Fig. 4.3. Noise figure (NF) of the prototype that is displayed in Fig. 4.1.

4.2 Noise Figureand Linearity Characteristics

The noise figure (NF) and the linearity of the prototype are also obtained from the
on-wafer measurements. The NF measurements are carried out at room temperature in a
50-Q system. Fig. 4.3 reveals that the measured NF is consistent with the simulated

result using ADS, around 15 dB from 1.52 GHz to 1.59 GHz and has a minimum value
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of 14 dB at 1.56 GHz. The relationship between the noise figure of the active devices

and the filter are analyzed and reported in the section IV of [5]. By properly selecting

the size and the biasing point of the nMOS cross-coupled pair, the noise of the active

device can be reduced, resulting in the NF improvement of the prototype.

5 ] I I L) ]
-10 | 4
E ol 3
oS T T T T T T T T 4 .
N
S
O
% 20 F .
o
>
2.
s 25t .
o
-30 Pw=-1383dBm T
1 2 1 " 1 " ] i " 1 2
-30 -25 -20 -15 -10 -5
Input power (dBm)

Fig. 4.4. Measured 1-dB compression point(Pjgs) of prototype shown in Fig. 4.1

Fig. 4.4 shows that the measured input 1-dB compression point (Py4g) is -13.83

dBm at 1.58 GHz, with a power consumption of 14.4 mW from 1.8 V supply. To

measure the effect of intermodulation, two test signals at 1.57 and 1.59 GHz are used;

they cause the in-band third-order intermodulation products at 1.55 and 1.61 GHz. As

displayed in Fig. 4.5 (a), the measured input third-order intermodulation intercept point

(ITP3) is -2.8 dBm. The second-order intermodulation product appears at 3.16 GHz

without the passband. The high out-band suppression at twice the central frequency, as
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Fig. 4.5. (a) Measured 3" order intermodulation intercept point (IIP3). (b) Measured

2"_order intermodulation intercept point (IIP,) of prototype shown in Fig. 4.1.

shown in Fig. 4.2 (b), causes the measured input second-order intermodulation intercept
point (IIP,) to reach as high as 45 dBm in Fig. 4.5 (b). In the schematic of Fig. 3.1, the
unbalanced loads at the two drain terminals, P; and Q;, of an nMOS cross-coupled pair

initially limit the linearity of the prototype. For the requested frequency response, the
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linearity of the prototype can be improved by properly selecting the susceptance slope

parameter, which is related to the guiding characteristics of the on-chip synthetic

transmission line, of the composite parallel resonator to reduce the difference in

coupling capacitance between Cy; and C;.
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Fig. 4.6. Measured out-band 2™-orderintermodulation of prototype that is displayed
in Fig. 4.1.

Although the active BPF exhibits high out-band suppression, resisting the out-band
signal, a weak out-band signal still penetrates the active BPF. The nonlinearity of the
active BPF causes out-band intermodulation product potentially to fall within the
passband of the active BPF. If the two tone signals at f;, 875 MHz and f,, 2.45 GHz
penetrate the prototype shown in Fig. 4.1, then the out-band second-order
intermodulation product appears at 1.575 GHz within the passband. Fig. 4.6 shows the

measured out-band second-order intermodulation with a consumed current of & mA
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from 1.8 V supply. Since the two insertion losses at 2.45 GHz and 875 MHz without the

passband are different, the curve with dot symbols, which represents the output power

of the tone at 2.45 GHz, is different from the curve with square symbols, which

represents the output power of the tone at 875 MHz in Fig. 4.6. As the input power

increases from -18 dBm to 0 dBm, the output power of out-band second-order

intermodulation product proportionally increases from -67.4 dBm to -34.6 dBm.
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Chapter 5
Packaged CMOS TL-Based Active
Bandpass Filter with Wide Stopband

Supression

High miniaturization and in-band loss compensation with minimized passband
disturbance for the transmission line (TL-based) active BPF are discussed from Chapter
2 to 4. However, this chapter focuses,on the behavior of the composite parallel resonator
out of the passband and the impagt of'the package parasitic on the stopband suppression.
The measurement results show that th¢ pgékaged CMOS TL-based active BPF herein
has wide upper stopband, extended frétﬁ 1,09/ t0.10.05/), for the suppression level of
35 dB. Additionally, the S-parameters over a temperature variation from -40°C to +80

‘C are measured and reported in this chapter.

5.1 CMOS TL-Based Active BPF with High Stopband

Suppression

Fig. 5.1 shows the schematic of a third-order transmission-line based (TL-based)
active BPF, fabricated in 0.18-um CMOS 1P6M technology, and the photograph of the

prototype. The architecture is described in Chapter 3. Two gate-grounded nMOS
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Fig. 5.1. 1.55 GHz third-order CMOS TL-based active BPF (a) Schematic (b) Prototype
in 0.18-um CMOS 1P6M technology in a chip area of 1.24 mm by 0.92 mm and a wafer

thickness of 480 um.

transistors (M1 and M2), which form the PS- and NS-mode current discharging paths,

are inserted into the input and output ports for the electrostatic discharge (ESD)

protection [29]. The on-chip synthetic TL, C-CCS TL, which is loaded with a lumped

capacitor and a degenerated cross-coupled pair at P; and Q; nodes, forms a composite
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parallel resonator in Fig. 5.1. The C-CCS TL, which is described in Chapter 2, has the
attractive advantages of high-characteristic-impedance synthesis and substantial circuit
miniaturization without compromising the transmission loss. A degenerated
cross-coupled pair, which is theoretically and experimentally validated in Chapter 3 and
4, can be applied to design the input conductance of a composite parallel resonator as a
constant value, which approaches zero, in a certain bandwidth to improve the passband
flatness. However, the behavior of a composite parallel resonator out of the passband
and its impact on the spurious responses 1s the_‘r_.nain object of this chapter.

0pq 1s the phase difference between the fwo_ drain terminals of an nMOS

cross-coupled pair at P; and Qj nodes. AF tﬁ?@;é equals 2m, 4n, 6m and 2nm at 2fy, 4fo, 6/0,
; = || '
and 2nf, (where n is an integer and 'nur'n;'bered from:1), the two drain terminals of nMOS

cross-coupled pair at P; and Q; nodes are in phase. The degenerated cross-coupled pair
becomes a load, and the Q factor of the composite parallel resonator can not be
enhanced at even-harmonic frequencies as 2fy, 4/o, 6/o, and 2nfy. Similarly, the spurious
responses at 2fy, 4fo, 6fo, and 2nfy do not improve for the CMOS TL-based active BPF.
Nevertheless, the degenerated cross-coupled pair provides differential negative
conductance with 6,4 equal not only to m, but also to 3w, 5n, and (2n-1)n. Restated, the

O factor of the composite parallel resonator can be enhanced not only at f;, but also at

310, 5f0, and (2n-1)fy. Therefore, the CMOS TL-based active BPF exhibits significant
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spurious responses at odd-harmonic frequencies as 3fy, 5/, and (2n-1)fy. An attempt is
made to achieve wide upper stopband suppression for the CMOS TL-based active BPF
with loss compensation based on the nMOS cross-coupled pair by using a capacitively
loaded TL resonator [30]. For the composite parallel resonator in Fig. 5.1, the length of
C-CCS TL is adjusted appropriately and Cy; can be estimated at the resonant frequency,
fo, to control the spurious responses and achieve the requested upper stopband
suppression. The phenomena mentioned above can be quantitatively investigated
through the resonator designs. Fig.'5.2 shgws the comparisons between the five

composite parallel resonators with the different‘_length of C-CCS TL. During the designs,

Yo |

the guiding characteristics of the C-CQ.T "l’illand thesize of two nMOS transistors in the
)‘ =~ | 7
cross-coupled pair are identicéll'_:t_ol ‘those adepted in Chapter 3. The resonant

(fundamental) frequency, fy, i1s designed at 1.55 GHz, and the commercial software,
Aiglent ADS, is applied to perform the circuit simulations for observing the input
impedance magnitude of the resonators. Since composite parallel resonator in Fig. 5.1 (a)
forms the parallel resonance, the input impedance magnitude has a first peak at £, and
the other above peaks, due to the spurious phenomena. The f; in the Fig. 5.2 indicates
the frequency of the second peak, implying the lowest frequency, at which the first

enhanced spurious response occurs. The curve with hollow dots in Fig. 5.2 shows that

the ratio of fi; to fo increases from 3.31 to 6.09 while the electric length of the
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Fig. 5.2. The power consumptions and spurious responses of the composite resonators at
1.55 GHz.

C-CCS TL decreases from 150.6° to"60°, indicating the shift of the spurious responses

away from the passband of the filter. Il're'a?ﬁ{p'qsite parallel resonator constructed with
the shorter transmission line can assist«théwactive BPF in realizing wider stopband

suppression. Additionally, the curve with hollow squares shows the power consumption

of a composite parallel resonator increases from 0.33 mW to 1.26 mW, while the length

of the C-CCS TL decreases from 150.6° to 60°. Since the equivalent parallel

conductance of the passive TL-based resonator is inversely proportional to the length of

the C-CCS TL, the higher negative conductance from the degenerated cross-coupled

pair is required for Q enhancement. The comparisons summarized above show the

design approach to control the spurious responses for the monolithic TL-based active

BPF. Moreover, the curves in Fig. 5.2 reveal the trade-off design between the spurious
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suppression and the power consumption of the proposed active BPF.

5.2 Package Design

The package for the proposed CMOS TL-based active BPF is realized by using the
standard chip-on-board (COB) process, as shown in Fig. 5.3. The board is made of a
two-layer laminated substrate, RO4003, with a thickness of 0.508 mm and a relative
permittivity of 3.38. The fabricated chip shown in Fig. 5.1 (b) is attached to the board
with silver glue, as shown in the top:view of -.Eig' 5.3 (b). Wire bonding is adopted for

electrical connections between the €hip and the“package, and a bondwire is made of

Al w'f )
-
o

gold with a diameter of 25.4 ym.\The rhlg}’and '}bondwires are covered entirely by the
1" 1 |
plastic encapsulant with a relativéﬂ pei“mittivityl'(;f.9.2. In Fig. 5.3 (b), the area of the
package is 3.71 mm by 2.50 mm and the board is fixed on an aluminum holder for a
series of experiments. To investigate the impacts of the parasitic inductances on the
proposed active BPF, the commercial software, ANSYS HFSS, is applied to extract the
equivalent inductances of the bondwires. A DC bondwire in Fig. 5.3 has a length of 1.3
mm and produces a parasitic inductance of 1.5 nH. Since the biasing network is
designed based on the pMOS current mirror, the parasitic inductances, which are

produced from DC bondwires, seldom influences the frequency response. However, the

parasitic inductances, originates from the RF and ground bondwires, substantially affect
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Fig. 5.3 (a) Architecture of the COB package and the test module. (b) Complete COB

package and the test module.

the frequency response, and need to be characterized. Fig. 5.4 shows the equivalent

circuit of the proposed CMOS TL-based active BPF, including the package effect, in

which Lrr and Lgnq represent the inductances of the bondwires at two RF ports and the

ground of the monolithic filter. Lgrr, which is generated from a RF bondwire with a
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Fig. 5.4 Equivalent circuit of the packaged filter in Fig. 5.3 (b).

length of 1.3 mm, is 1.5 nH and degrades the in-band return loss. Thus, the external
matching circuit is designed to absorb the Lrr in Fig. 5.3. Owing to the lack of ground
via holes in the standard CMOS technology, the electrical grounding of the CMOS
TL-based active BPF requires: wire bc');idin-‘g'g,‘ Wp.ich produces the ground parasitic

inductance. From the equlvalent c1rcu1tF11:1.-F‘1gr 5.4, the ground parasitic inductor and
== ||
| \rL 1 |

capacitive characteristic of the comp¢ ite" paral]k:l resonator over resonance cause the
| ' A
series resonance, generating the addiﬁbnél trané'mission zero above the passband [31] to
disturb the deserved stopband suppression. In Fig. 5.3, a ground bondwire has a length
of 1.14 mm and generates an inductance of 1.1 nH. Increasing the number of the ground
bondwires minimizes the ground parasitic inductance to reduce the impact on the
deserved stopband suppression. Thus, in Fig. 5.3 (b), the number of ground bondwires
increases up to 32; the total equivalent ground parasitic inductance, Lgy, is produced as
0.072 nH. The extracted inductances are imported into the circuit simulations,

performed by using the software, Agilent ADS, for evaluating the package effects on the

frequency response. Fig. 5.5 shows the ADS simulation results of the filter design,
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including the bondwire inductances, showing the central frequency of 1.546 GHz with

an insertion loss of 0 dB. The design of monolithic CMOS active BPF, presented in this

chapter, is identical to the one in Chapter 4, except the passband bandwidth and the

additional ESD protection. The bandwidth is 3.1% at 1.55 GHz, 61.3% narrower than in

Chapter 4.
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Fig. 5.5. The simulated frequency responses of the CMOS active BPF.

The curves with dots indicate that the ground bondwires cause a transmission zero
at 4.61 GHz and disturb the flatness of the frequency response above 2 GHz, compared
with the solid curve, which represents the CMOS TL-based active BPF without a
package. Additionally, the stopband suppressions at 2f; and 3f; are 46.2 dB and 92.6 dB,
respectively. Upper stopband suppression of the prototype in Fig. 5.3 (b) from 1.7 GHz

to 5.48 GHz reduces to 43.4 dB, compared with the CMOS TL-based active BPF
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without a package. However, the variation in bondwires is unavoidable in the packaging
process, and the inevitable variation in Lgnq influences the stopband frequency response
of the packaged CMOS TL-based active BPF. As the length per bondwire varies from
+10% to +30%, Lgng, which is estimated by HFSS simulations, increases from 0.096 nH
to 0.124 nH. The curves with triangles, diamonds and squares in Fig. 5.5 plot the
simulated S-parameters with variations in length per bondwire from +10% to +30%.
According to Fig. 5.5, as the variation in length per bondwire increases from 0% to
+30%, the stopband suppressions at2fy and 3f0 are degraded from 46.2 dB to 37.2 dB

and from 92.6 dB to 87.2 dB, respeectively. Moreoyer; the upper stopband suppression

| -
e
-

from 1.7 GHz to 5.48 GHz is decreaseglifrb%ﬁ&?l dB to 34.9 dB. The curves in Fig. 5.5
1’ ' ‘ " g

U PPV : .
show the impact of the variation in‘bondwites-on the stopband suppression, revealing

the acceptable tolerance in the package process.

5.3 Measurement and Comparison

On-wafer two-port measured S-parameters of the fabricated chip in Fig. 5.1 (b) in
the 50-Q system are obtained using an Agilent E8361C PNA and Picoprobe®
un-balanced SG and GS probes. The output power of the PNA is set to -25.0 dBm in the
small-signal experiments and short-open-load-through (SOLT) calibration procedures

are carried out. The contact pads applied to the RF input/output ports are deembeded.
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Fig. 5.6. Measured two-port S-parameters of the CMOS TL-based active BPF
with/without package in 50-Q system (a) from 1 to 6.0 GHz. (b) from 1 GHz to 20 GHz.

The insertion loss is as high as 37 dB with zero power consumption (V¢ and Vpp are set
to 0 V) in Fig. 5.6 (a). The prototype in Fig. 5.1 (b), including the complete biasing
network, consumes 21 mW (7 mA) from a Vpp of 3.0 V while V¢ is set to 2 V.

On-wafer measurement results, represented by the curve with squares in Fig. 5.6 (a),
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show 0.98 dB insertion loss at 1.536 GHz and 47.4 MHz (3.1%) 3dB bandwith with 15
dB return loss within the passband. However, the process variation, which makes the
change of the parasitic capacitances of the nMOS cross-coupled pairs, produces the drift
of the central frequency from 1.55 GHz to 1.536 GHz. The wide-band measurement
results, represented by the curves with squares in Fig 5.6 (b), demonstrate the wide
upper stopband, extended from 1.1f; to 11.8fy (fop is 1.536 GHz), for the suppression
level of 35 dB.

The two-port S-parameters of the protqtype in Fig. 5.3 (b) are measured with

Agilent E8364B PNA after SOLT calibration‘_pro'ced_ures are performed in the 50-Q

\iF

system. The output power of the PNAI ‘!s"'é;ﬁ ';’t;b"-}25 dBm. The prototype in Fig. 5.3 (b)

consumes 24 mW (8.0 mA) from .'a_:_V'D;'D of 3.0 V at é Ve of 2.2 V. Additional 3-mW

-

power (1-mA current) is consumed to compensate for the loss, which is generated from

RF bondwires and matching circuits. According to the curves with hollow dots in Fig.

5.6 (a), measurement results agree with the simulation ones with the +10% variation in

length per bondwire. The central frequency, f, is 1.53 GHz with a 0.95 dB insertion loss,

and the 3dB bandwidth is 47.4 MHz (3.1%) with a return loss of 15 dB. Because of the

CMOS process variation, the central frequency shifts down from 1.546 GHz to 1.53

GHz. In Fig. 5.6 (a), a transmission zero appears at 4.64 GHz; in addition, the measured

stopband suppressions at 2fy and 3f, are 44.57 dB and 52.78 dB, respectively. In Fig. 5.6
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(b), the curves with triangles, represents the prototype in Fig. 5.3 (b), shows that upper
stopband suppression from 1.08f; to 7.66f;, is maintained at higher than 39 dB.
Otherwise, the wide upper stopband is extended from 1.09f, to 10.05fy, for the
suppression level of 35 dB in Fig. 5.6 (b). The capability of Human-Body Model (HBM)
ESD protection at RF port under PS and NS modes is tested. The RF port is stressed
from 0.25 kV(-0.25 kV) with 0.25 kV increase (decrease) per step, and the prototype in
Fig. 5.3 (b) can sustain 0.5 kV in PS mode and -1 kV in NS mode at RF ports.

To evaluate the temperature variable, thg_. prototype in Fig. 5.3 (b) is placed in a

programmable temperature chamber, which Va‘ries'the temperature from -40°C to +80

C and increases by +20°C. For the FTrﬁﬁgﬁmre characteristic of the semiconductor,
under the fixed size, bias voltage and thelconsumed current, the transistor provides a

higher g, at a low temperature and provides a lower g, at a high temperature. Therefore,

to maintain the insertion loss at a central frequency lower than 1 dB at different

temperatures, a larger consumed current is required at a high temperature by increasing

V¢; in addition, a lower consumed current is required at a low temperature by

decreasing V¢. Table 5.1 summarizes the consumed currents, values of V¢, and central

frequencies for the prototype in Fig. 5.3 (b) at different temperatures under constant

Vpp of 3.0 V. According to this table, during heating from -40°C to +80°C, the

consumed current increases from 4 mA to 13 mA and V¢ increases from 1.31 V to 3.78
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V. Fig. 5.7 illustrates the measured S-parameters for the temperature variation, and the
central frequency shifts from 1.587 to 1.479 GHz with a shift rate of -0.9 MHz/'C from
-40°C to +80°C. The central frequency shift results mainly from the parasitic capacitor,
which proportionally varies with the bias voltage of a transistor. Thus, the central

frequency shifts down with an increasing V.

Table 5.1. Summary of V¢, consumed currents and central frequencies from -40°C to
+80°C.

Temperature Ve Consumed current | Central frequency
(©) W) (mA) (GHz)
+80 3.78 BN 1.479
+60 3.05 11 1.496
+40 2.52 \_ /8 1.516
+20 22Nl || == 1.534

0 1.77 | =3 ¢ 1.551
-20 1.54° 5. 1.568
-40 1.31 4 1.587
10 v T v T v U !
L heated from -40°C to +80°C
0 O ® O e e et “—-g~ e e e e e e et e e}
i ""/.v Y ---o--- Si, -2 S5, +80°C T
-10 I A et Sy, A S0 420°C ]
a -20 |'| —o— S, —*— S -40°C i
<) n
2 30 '
2
=
e}
2 -50
-60
-70
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1.00 1.25 1.50 1.75 2.00 2.25

Frequency(GHz)

Fig. 5.7. Measured S-parameters of the prototype in Fig. 5.3 (b) with the temperature

varied ranging from -40°C to +80°C.
56



Table 5.2. Comparison of RF monolithic active BPF.

Prototype [5] [9] [10] [11] [32] [33] This Work
Process CMOS CMOS | CMOS | CMOS | CMOS | GaAslum | CMOS
0.18um | 0.18 um | 0.18 um | 0.25um | 0.18 um | MESFET 0.18 um
Chip area 1.08 0.81 225 1.89 0.63 4.96 0.86*
|(mrn2)
| i (GHz) 6.02 2.03 2.36 2.14 2.5 2.27 1.53
|AN (%) 43x107% | 3.7x10° | 1.4x107% | 9.6x107 | 4.4x107 | 2.8x107 2.2x10°
[Order 2 4 3 3 2 3 3
BW (%) 18.9 6.4 2.54 2.8 28 5 3.1
Pp (mW) 5.4 16.6 8.8 5 5.6 300 24"
(3mA (9.2mA | (5.84mA | (2mA (7TmA (8SmA
@1.8V) | @1.8V) | @1.5V) | @2.5V) | @0.8V) @3V)
Type-based TL Lump Lump Lump Lump Lump TL
Package w/0 w/o w/o W10 w/o w/i w/i
SS (dB) @ 22/24 - - - - >40" 44.6/52.8"
210/3f;
SS level/ 20 dB/ 3 1l g 40 dB"/ 39 dB"/
range 1.36/p-2.18f, | | | ".: 1.15/0-4.19fy | 1.08/y-7.66f,
15 35 dB/
' 1.09£,-10.05f;

*Packaged measurement result

*Not.including bond pads

Table 5.2 summarizes the RF monolithic active BPFs, but the stopband suppression

is rarely discussed in the present literature. In Table 5.2, SS means the stopband

suppression and Ay is the chip area, which is normalized to the square of the free-space

wavelength at the central frequency. The prototype in Fig. 5.3 (b), which is designed

based on the transmission, demonstrates the highest stopband suppression at 2fy and 3fj,

even with the package. Although the prototype in [33] shows the stopband suppression

better than 40 dB up to 4.19f), this work can achieve wider stopband from 1.08f; to
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7.66f, for the suppression level of 39 dB and from 1.09f; to 10.05f; for the suppression

level of 35 dB.
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Chapter 6
Conclusions

This dissertation  exhibits a comprehensive design of CMOS
transmission-line-based (TL-based) active bandpass filter (BPF) from the chip level to
the package. In the chip level, highly miniaturized on-chip synthetic TL, loss
compensation methodology with minimized passband disturbance and spurious
response control to achieve wide stopband suppression are discussed. The package for
the proposed monolithic active BPEis presented and the accompanying parasitic effects
on the stopband suppression of the pmk%ed active BPF are also investigated. The
conclusion and the suggested further rééearch based on this dissertation are summarized

as follows.

6.1 Summary

A TL-based active bandpass filter (BPF) is presented in the first part of this
dissertation. The utilized technologies include the whorl-forming C-CCS TL, which
greatly facilitates the miniaturization of the TL-based active BPF with acceptable
performance and an improved active compensating network with the degenerate load to

reduce the passband ripple. The relevant theory and design methodology are
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comprehensively described. The statistics show that the demonstrated technologies can
be used to make the normalized area per resonator (APR) and the normalized 3dB
bandwidth over the transmission coefficient (BOT) of the TL-based active BPF,
implemented in standard 0.18-um CMOS 1P6M technology, approach those of the
FBAR filters implemented using semiconductor technologies. Experimental results
confirm that the passband ripple can be reduced by as much as 76.3% from that of the
active compensating network without the degenerate load. Consequently, the presented
TL-based active BPF in this dissertation reveals the perspective of monoalithic
integration in a standard CM QS progess.

Additionally, a packaged thi rd-ordé fS3 GHz CMOS TL-based active BPF with
wide stopband suppression is dehionétrated in-the second part of this dissertation. A
capacitively loaded TL resonator is adopted in the design of packaged CMOS TL -based
active BPF to control the spurious responses to achieve wide upper stopband
suppression. The monolithic CMOS TL-based active BPF is packaged using the
standard COB package and, from the equivalent circuit, increasing the number of
ground bondwires the minimizes ground parasitic inductance to reduce the impact on
the stopband suppression. Moreover, exactly how varying the length per bondwire
affects the upper stopband suppression is analyzed. The measured S-parameters, while

agreeing with the ssimulated ones, confirm that packaged CMOS TL-based active BPF
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can possess high stopband suppressions of 44.57 dB at 2f, and 52.78 dB at 3fo.
Moreover, the wide upper stopband is extended from 1.09f, to 10.05f, for the
suppression level of 35 dB. Furthermore, how the temperature variation influences the
S-parameters of the packaged CMOS TL-based active BPF is discussed, in which the
central frequency shifts from 1.587 to 1.479 GHz with a shift rate of -0.9 MHz/°'C from

-40°C to+80C.

6.2 Suggestionsfor Further Research

In this dissertation, the new, C-CCS TL is characterized and compared with the
conventional CCS TL based on the two—p;g?i S-parameters, which is directly extracted
from the physical transmission:line &ructure by..the HFSS simulator to obtain the
guiding characteristics. In further research, the mode analysisin the cross section can be
carried out for more understanding of the new C-CCS TL. Moreover, it is interesting
and necessary to develop the equivalent model, which can be directly used in the circuit
simulation to reduce laborious full-wave electromagnetic simulation and accelerate the
MMIC design. For the CMOS active BPF herein based on C-CCS TL, which assistsin
miniaturization, the design of frequency-dependent negative conductance results in
in-band low insertion loss with good passband flathess and improve the stability.

Additionally, good frequency selectivity and wide stopband with high suppression are
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accomplished. According to the above mentioned, the perspective of co-design and
integration of integrated circuits and BPFsin a standard CMOS process, further meeting
the objective of system-on-chip (SoC), is revealed. In further research, the development
of on-chip active BPF following LNA is effective to substantially improve noise figure.
As mentioned in Chapter 4, appropriate selection the susceptance slope parameter of a
composite parallel resonator to reduce the difference in coupling capacitance can
achieve linearity improvement. Otherwise, based on al identical coupling capacitances,
the requested susceptance slope parameter per:composite parallel resonator can be
synthesized. Ascribed to temperature-dependent gmof-a transistor, the frequency shift of
the monolithic active BPF occurs ovef th?temperature variation, as demonstrated in
Chapter 5. Thus, the temperature Corﬁbenﬂion gircuitry is required and integrated in
the monolithic active BPF design to minimize the temperature impact. For other design
extension, the monolithic active diplexer, which is a case in point, can be developed

based on the active BPF design herein.
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Appendix

In Chapter 3, the degenerate load, which is equivalent to a parallel resonator as
shown in Fig. 3.3 (c), characterizes the Yqqy(f) in (3.3) and Zg(f) is obtained in (3.2).
Equation (3.2) is substituted into (3.3) to yield (A1), which yields Re(Yqq(f)):

o' - A+w* B+C
D?+E?

Re(Y,, () = —9—2’“(1— ) (A1)

A= Lfﬁe (Cgs - Cds)2

B=L3gn +RUCy +C) = 4RUC,Cy,
~4RColCit/ G +Ree(Cqe #C5)%/ 91,
C =Ri0n + Reh “E'
D=1+9g_ R, = co'ZLQeI(Cde i Cgs t+ Cos)
E=a(gnLa + Rie(Coe +Cy +Co))
In (Al), Re(Yyq(f)) is composed of not only the constant term, -gn/2, but also the term

that varies with frequency. Differentiating (A1) yields (A2).

o'L% - F+20w°L5 -G+H
(D? + E?)?

a%Re(Ydd (1)) =—2g, 70 ) (12

F =0, L5 (Ce +2C,)(Cye + 2C,.)
+ 2L ((Cy + Cy)® + Ci (Cye — Cy)* —4CCy (Ce + Cyy))
+ R Ca(Cye + Ce)*(Ce + 2(Cy + C)) /9
~4R,CCos (C + (Cs + C.)*) /G
+Rie(Cge +C0)* /9 —8R.CsCcCus(Cye + Co) /U
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G= _(Cgs - Cds)2 + Rjegri(4cgscds + C:dze + 2Cde (Cgs + Cds))
+ I%iegm(SC:gsts - (Cgs + Cds)z + Cje + 2Cde (Cgs + Cds))

H = -0, LG + RieOn(Cye + 2C4.)(Cye + 2C)
+ RieGm((Cie + 2C4.)(Cye + 2C) — 2(Cy — Cye)°)
~ Rie(295 L (Cie + Cge + C) +3(Cc —Cye)”)
~ RieGnlae (9L + 2(Cqe + Cy + Cqe)) = Re(Ce = Cic) /91

The simple design guideline is described as follows. Appropriate gm, Cgs and Cys are
produced from the nMOS cross-coupled pair by adjusting the bias voltage, Vp applied
to the active compensating network. When the length of the C-CCS TL used in the
degenerate load is fixed, Lqge and Ry are-known. Then, Zq(f) is a function of Cge. By
adjusting Cge and the bias valtage, Vp, aqggdingly, thé Re(Yaq(f)) in (A1) that cancels
Re(Y_(f)) can be derived and the.posi?iﬁve gErivaIive of Re(Yqq4(f)) can be obtained and
set to approach the derivative of |Re(Y ()] in (AZ). The parasitic capacitance that is
provided by the active compensating network is deducted from Cy in the TL-based

resonator in Fig. 3.3 ().
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