A
Vo
i

BRIHAELE TR EHE
CMOS: £ &5 &k B3%3

Complementary-Conducting-Strips
Transmission Line CMOS Active Filter Design

R A 2EE (Hsien-Hung Wu)

FsE ¥ . ek B4 (Dr. Ching-Kuang C. Tzuang)

F E K L+ & £ £ A



ERIi#EXLeBFaEunn
CMOS &gk B53%3
Complementary-Conducting-Strips
Transmission Line CMOS Active Filter Design

R AECRER Student: Hsien-Hung Wu
HwEH KA #E Advisor: Dr. Ching-Kuang C. Tzuang

BT TR AR
IS

A Dissertation
Submitted to Institate of Communication Engineering
College of Engineering
National Chiao Tung University
In Partial Fulfillment of the Requirements
for the Degree of
Doctor of Philosophy
in
Communication Engineering
July 2006
Hsinchu, Taiwan, Republic of China

P 2 R B AL+ & F + A



FERBA+AEZFELA T =8

—Fh AREEALTAELTHEATLE REEZ REBXUA SRR BAS

HWEPHL o -

SR AREEARAELHALE REE CRRARECHARARAEZ
P AP RAZ B X IR -

AMEMIRy  RECERTARESZAE (FEHMEAEF) LRBEK
#3R o

HR XIS 0 BE K Xdndhe M2 H R385 & RBP &
HEEHT GEER M) T wmXerBE K -

MmETz > RECAHBRLRERNZTELRIFER ZHFT RINSKE > B
ST Y 3

BZESMAIRBREEZIRZAB LRI RK -



RV A -

X uRFZTLBEEEE

P E I E E XY B %2 & x 7
P 323 X B2 EMA LB S S EN%E CMOS X 8k B33

Complementary-Conducting-Strips Transmission Line CMOS

Active Filer Design

AREB LML L AEE SHERT -
D E: _Z it

B
2

SR 2 E & 2'/?/ ﬁjﬂ/ %—J

f%i’f}.:_g-r o IR
s\%]
7

T oE R B



Department of Communication Engineering
National Chiao Tung University
Hsinchu, Taiwan, R.O.C.

Date: July 27, 2006

We have carefully read the dissertation entitled
Complementary-Conducting-Strips Transmission Line

CMOS Active Filter Design

submitted by Hsien-Hung Wu in partial

fulfillment of the requirements of the degree of DOCTOR OF
PHILOSOPHY and recommend its acceptance.

Xy LT

/ /. (/ =

L ey %754«4%7/

Thesis Advisor: %7@/}

Chairman g é? Z_
V
Department of Communication Engineering:




Ny

H
—_
\

.

N

/
N
\

/

¥

B X X @ K £
HAR b3 X o X B T S A R

(REBRBALTNEARIXELAZREAR)

AT PTIAMEZF AL S 7%$A75"l1x3\ji‘3"?€4*l$£%ﬁﬁ

5k m,94ﬂ$ﬁ% 2 ER BT 2 2 S o
WXARE R R MK R TR ROM0S £ B8 K &3
35 G HIT OB
W EE
$A LR AR IR ﬁ@&%liiﬁk%ﬁé%%%t
L2 2uB I ANKRESEEN TEREAFZ L EAE, XEL
ii\'ﬂﬁa iéiﬁ%ﬁﬁﬁmiﬁ &y o Iix&ﬁ’?‘&é‘ LA RE R &
B Z 4815 Irﬁi&fx HTFaﬁﬁi KRB LAEA 7'0*1‘?‘& I B AEH
SRR é ﬁﬂ% WEMELSEERABEN  EHFETHR
ik s FEGERFIEP °
%ié\iiﬁé@ﬁ&&%iéﬁ@&ﬂ%m :
ARREEH4A 245 | B FERRAE 96 5 8 A 28 B
%% N

B AXEFREXALEEHE

B A RER
o
wEEs S Ba

$ %R B % £ 8 B 22 n8

http://140.113.39.130/cgi-bin/gs/tugsweb.cgi 2006/8/28



B o X @ K P
HA ok X E R

(R HAEITNEXE THBREEZRER)

AR TP Z SR X AAANB LR BRE TR LR A AT
% S M 94 BEEF Z PHBIHIRMIEX

IWXFEE  BRAHALE LR R GCMOSE S E & 53k
o W% L R

W EE
AABBAZHE UELE - BERHEEAITBRE  BANHEHR
FMTEREZ - L AL 2L HEBA A2 RZE
B B RBALE THG MR EHENA  HEEEE
A3 RS BN 0 EEFETHERIEP ©

RXHFANQEEIEBR T FIHRT FHAERFRTHE

M2 — o FHEXRA  SHAE T UL

z F A B2k e

WM A REE
LY ¥

+#RE 954 & A 28 =

REZL -

file://D:\Project_Summary\[I 5742 \stepA\Authority.htm 2006/8/28



, E ll E;%ﬁz REE
28 3 %7}“ e Py
(RBZEALEITNBERRBEXARIZHZ 24 )
ID:GT009213808

ARMEMBRBELZ X AHRHEALRIIRBRAEERIREZLA 94
SEEF Z FHRAHERMRN

HXME B EEHALE S REHROI0SE 9 E % B
S RN

LEEBFRMARE ZEHZ EIHAEX (4HE) LB -
ﬁ@&%l%liﬁ’ﬁmﬁﬁ‘%@ﬁ RBL o DABAE ~ SRR A
méﬁ&m&ﬁﬂ%iﬁ-iéﬁ’lﬁ%ﬁmmziﬂr &

ETFHALBEARF X > REFLZANMEAFEEFARET 28 ik
’%Ef B%E ~ FHKFEP °

¥ OEEANIFEEAME IR ERE  ME  TRAFIEP LI > BAREAFHE
A8 B AR -

7
w¥Es: XA A

BB 954 S A 28R

http://140.113.39.130/cgi-bin/gs/tugsweb.cgi 2006/8/28



H &3 a5 f@:’%’fﬂ@ﬁﬁ]fﬂ CMOQOS i # //E!,/ﬁ»%r}:

it
o
|
My
@
MW

g . mgk FL
RzEd+F FTE1/5%

K2

iﬁﬁéﬁpfjﬁhkﬁﬁﬁﬁﬁﬁﬁaWMMWmchmmmmsmW
transmission line) # &% 0.18 um CMOS @4z > F L HE & ¥ (monolithic) i # g
B BATH RS E 0 H - B R A1 f R T RS U 0 5
L3N HER @% AN FIE 44 (propagation loss) o & = dieni # @ ﬂ}g?‘l‘sﬁl’ﬁt
1 GHz 2 55 GHz#g & p E med! g 4fidsenagd 2 & 7 3 4o 7 | ﬂi%]‘sﬂm&/ﬁ» ¥+
(slow wave factor) o 1 #* 3% 31 %5 @ﬁ?]fﬁl\v’%g;l D355 GHz — peF i gt B o B2
At 101 MHz & 24 7 7 48 Tep iR R el 28 HE R =% R -4 4 4% 1 (loss
compensation) g & 4 o

FoRES R EFF S RBLEDERE IR £ %%ﬁ@ﬁﬂﬁ* AR
(resonator) » F - B CHEA DL B A E o X BEBAUFHLA F R T4 201 fjp
A B ATE R T F A 2 dF 4 (insertion loss) 33 FE A 2 B A Bl B
e SHEF 8 3-dBAE R BRI R AT A B Beh? SHEF 5 6.02GHz
3-dBAE # 5 114 GHzo§ A d it Ben/i »F 4 25 5 4 w5 22dB# 0.56 dB
P A R enE A s 5AmMW & 72mWo i BT R A o Hk
2.2-dB /i » 34 Hﬁ‘rmﬁap%a‘ﬁ@: ﬁiﬂ x5 1-dB # F R ﬂﬁ% Plawl s 11.4dB ¢
152 dBm © 3% Fpik B g cnT B s fF 5 1230 um x 880 um o ABiTH 4 £

PR RERR R AR AR BRER



Complementary-Conducting-Strips
Transmission Line CMOS Active Filter Design

Student : Hsien-Hung Wu Advisor : Dr. Ching-Kuang C. Tzuang

Institute of Communication Engineering
National Chiao Tung University

ABSTRACT

This dissertation presents two innovating design approaches of the monolithic
active bandpass filter employing complementary-conducting-strips transmission lines
(CCS TLs) in the standard 0.18 um CMOS technology. The first approach utilizes the
negative resistance circuit to distributed compensate the propagation loss within the
passive CCS TL and successfully produce, a. loss-free active CCS TL from 1 GHz to
5.5 GHz with an enhanced slow waveyproperty. Though the realized 5.5 GHz
second-order active CCS TL bandpass filter had instability problem around 10.1 MHz,
but reflected the fact that the loss compensation within an active filter need to be
adequately designed in view of the architecture:

The second approach adopts the Q-enhanced half-wavelength CCS TL resonators
for a C-Band second-order active bandpass filter design. The loss compensation is
only activated at the filter’s passband, and the insertion loss could be adjusted without
affecting the filter’s center frequency and 3-dB bandwidth. Measured results indicate
that the filter’s center frequency was 6.02 GHz with a 3-dB bandwidth of 1.14 GHz
and this filter was free from oscillations with either a 2.2-dB insertion loss or 0.56-dB
transmission gain. The corresponding power consumptions were 5.4 mW and 7.2 mW.
Also a modest 11.4-dB noise figure and a modest -15.2-dBm input 1-dB compression
point were measured when the insertion loss was 2.2 dB. The required chip area was
1230 um x 880 um which is comparable to those of monolithic active bandpass filters

based on lump inductive and capacitive elements at C-Band.
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CHAPTER 1

Introduction

1.1 Background

Wireless building blocks including antenna, filter, baluns, and other devices are
mostly in discrete forms or embedded into the SIP [1-6]. A complete solution for
making a wireless device with a very small form factor is becoming a reality by
combining advanced techniques of system-on-chip in CMOS technology owing to its
low cost manufacturing and high volume integrating capabilities. Elimination of
off-chip filters often means adding RF performance, improving selectivity
requirements, reducing noise pick-up, and lowering overall RF power consumption
[7-8]. Taking the conventional super-heterodyne.receiver for an example, it is robust
for avoiding DC offset and low: frequency- noise within the signal path by translating
the radio frequency signal downto.an intermediate frequency (IF) [9]. However it
requires two off-chip filters for the purposes of band selection and image rejection.
Thus radio architectures employing zero-IF and low-IF techniques requiring no
off-chip image rejection filter is getting popular and some CMOS wireless chipset has
already reached the commercial market with great success, such as WLAN, GSM,
GPRS, Bluetooth, and DECT [10-17]. Nevertheless, the band selection filer is still
needed and remained to be a challenge to be integrated. In order to comply with strict
frequency regulations required by the communication systems, such as wide-band
code-division multiple-access (WCDMA) receivers [7], and time-division-duplex
(TDD) systems [8], and personal communications service (PCS) band [18], these
filters have to be designed with high quality-factor (Q-factor) resonators.

The literature survey indicates that most CMOS active bandpass filters below the



C-band incorporate Q-enhanced inductors for resonator realization, e.g., actively
Q-enhanced coupled inductors [7, 19], emulated coupled inductors [20],
energy-recovered spiral inductors [21], and Q-enhanced LC bandpass biquads [22-23].
In view of integration, care should be taken as not to cause undesired magnetic
coupling between these inductor-based resonators to deteriorate the filter response
[23]. In addition, self resonance caused by parasitic capacitance and skin effects from
process limitations further increase the design complexity for using spiral inductors in
active LC filters [18, 23-24].

On-chip CMOS passive resonators formed of transmission lines typically have
Quality-factors (Q-factors) proportional to the square root of the operating frequency.
A carefully designed CMOS-bandpass filter at millimeter-wave frequency generally
provides an adequate Q-factor. Passive bandpass filters at 30 GHz and 40 GHz have
been found to perform reasonably well [25-26]. However the perception of server loss
problem and large chip area for,.monolithic transmission lines limits further
explorations in filter realization at lew-microwave frequency range. As an attempt has
been made for fabricating passive element in highly resistive silicon (HRS) substrate,
however, the area of the realized second-order bandpass filer at 6 GHz is still large
[27]. In contrary, the meandered complementary conducting strips transmission line
(CCS TL) has recently demonstrated its usefulness for an LC-free 5.2 GHz oscillator
design with an area of only 500x600 pm? in standard 0.25pm CMOS technology [28].
Thus this dissertation focuses on the development of the CCS-TL based active
bandpand filter at low microwave frequency range [29-30]. The approach adopting
CCS-TL has been chosen for its consistent propagating characteristics, compactness

in size, and applicable for general filter synthesis methods.



1.2 Organizations

The propagating characteristics of the meandered complementary-conducting-
strips transmission line (CCS TL) in the standard CMOS 0.18 um technology are
studied in Chapter 2. The meandered CCS TL has a superior slow wave property than
the meandered microstrip, thus it is suitable for the compact transmission-line based
active filter design. Chapter 3 begins with a technical survey on active inductor, active
LC resonator, and negative resistance commonly employed in monolithic microwave
active filter designs reported in the literature. Then a preliminary experiment of a
second-order 5.5 GHz dual-behavior resonator (DBR) bandpass filer based on active
CCS TLs is described. Chapter 4 discusses the design and implementation of a
second-order 6.02 GHz active bandpass filter based on Q-enhanced CCS TL based
half-wavelength resonators. The newly proposed architecture is analyzed in detail
with respect to loss compensation, noise-property, linearity, and stability. Chapter 5
summarizes the contributions in ‘this:dissertation and recommends for the future

researches.



CHAPTER 2
CMOS Synthetic Thin-Film Transmission Line

This chapter performs a comparative study of the meandered complementary
conducting strips transmission line (CCS TL) against the meandered microstrip in a
standard 0.18 um CMOS technology. Before performing the study, the accuracy of the
analysis method is verified in Section 2.1 by comparing measured and analyzed
results of a meandered CCS TL test structure. Then the microstrip line width and the
central patch of the CCS TL are used as controlling parameters to investigate the
guiding properties in the meandered form. Meandered CCS TLs with unequal and
equal central patch and connecting.arms are als@studied to illustrate the advantageous
features for applications demanding high ‘characteristic impedance. The results are
presented in Section 2.2 and seme of them are further applied to CCS active filter

designs in Chapter 3 and 4.

2.1 Validity Check of Software-Based Analysis Method

Meandered CCS TL is a two-dimensional guiding structure composed of straight
and bend CCS unit cells with non-uniform cross sections as illustrated in Fig. 2.1(a).
At the top layer of a CCS unit cell contains a central patch and two connecting arms
for interconnections with widths of W and S, respectively. At the bottom layer of the
unit cell is a mesh ground plan of a Wy, x W, opening with a periodicity of P. The
photograph of the layout of the experimental meandered CCS TL in CMOS 0.18um
technology used for validity check is depicted in the right side of Fig. 2.1(b). This

structure utilizes the topmost Metal-6 layer for central patches and connecting arms



and the Metal-2 layer for the mesh ground plan. The employed CCS unit cell has a
periodicity of 34 um, a central patch of 10 um, a connecting arm of 10 um, and a
square opening in the mesh ground plan of 30 x 30 um, respectively. At the outer
border of the bottom layer, the metal width was enlarged to 34 um to establish a
physical connection between the mesh ground plan and the ground-reference pads at
Metal-6 layer through VIA 1 to 5 layers. Notably, this CMOS monolithic CCS TL
structure occupied an area of 919 x 701 um? has 234 CCS unit cells with a total length
of 7.956 mm.

The small-signal two-port scattering parameters were measured from 1 to 8 GHz
after the on-wafer short-open-load-through (SOLT) procedures had been preceded.
Effects introduced by the ground-signal-ground (G-S-G) probing pads had also been
removed by the deembedment. Then the effective.complex propagation constant and
complex characteristic impedanee were extracted from the equivalent complex ABCD
matrix transferred from the measured.two-port-scattering parameters [31].

Validity checks of the software-based .analysis method were conducted by
comparing the extracted propagation characteristics and characteristic impedances
from the EM simulation with those from the measurement. Theoretical two-port
scattering parameters of a 6x3 two-dimension lattice CCS TL circuit with the same
geometrical size of the unit CCS cell are obtained by applying an EM solver
(Ansoft™ HFSS v10.0), using the finite element method. Regarding the physical
parameters including layer thickness, relative dielectric constant, and conductivities of
the silicon substrate and alumina-metal layers of the particular CMOS 0.18um

technology used for theoretical analysis are shown in the left side of Fig. 2.1(b).
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The data derived form the measurement and simulation are show in solid and dotted
lines in Fig. 2.2. For clearness, the complex propagation characteristics (y=a+jp) were
illustrated as the normalized phase constant (B/ko) and attenuation constant (o/ko),
respectively. Through the entire spectrum, the simulated propagation constants were
in good agreement with the measured data, as shown in part (a) of Fig. 2.2. The
maximum deviation of the normalized phase constant is 0.17 at 1.0 GHz and less than
0.03 from 4 to 8 GHz. Regarding the normalized attenuation constant, the maximum
deviation is 0.34 at 1 GHz and continuously get smaller as frequency increased. For
example, at 6 and 8 GHz the deviations are reduced to 0.05 and 0.02. Within the
C-Band spectrum, from 4 to 8 GHz, the root-mean-square (RMS) values of the
normalized phase constants derived from the measurement and simulation are 2.04
and 2.07. The corresponding values of the normalized attenuation constants are 0.36
and 0.42. Part (b) of Fig. 2.2 plots.the real (Re(Z.))-and imaginary (Im(Z.)) parts of
complex characteristics impedance (Z¢).—The-RMS values of real part characteristic
impedances derived from the measurement and'simulation are 64.86 and 66.78 Q. The
corresponding values of imaginary parts are 10.57 and 11.04 Q, respectively. In
summary, the relative RMS deviations of y and Z. are 2.65% and 2.99% across the
C-Band. The data shown in Fig 2.2, therefore, have demonstrated the software-based
analysis method could predict the guiding characteristics of meandered CCS TLs in
CMOS 0.18um technology with a reasonable confidence level, a deviation less than 3

percentages.
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2.2 Comparative Study of CCS TL against Microstrip in Meandered

Configuration

Many observations of meandered CCS TLs against microstrips (MS) in printed
circuit board (PCB) technology had been reported in [28, 32]. The comparative study
performed in this section, rather, emphasized on CMOS monolithic technology for
compact microwave integrated circuit integration and guiding properties of
meandered CCS TLs with high characteristic impedances (Zc). The particular 0.18 um
CMOS technology applied to this study was identical to that of the validity-check
experiment in Section 2.1. In order to have enough impact on guiding properties of
meandered CCS TLs, the ground plane jopening and the periodicity were enlarged to
40 um and 44 um. The widthsof central patch was varied from 2 um to 30 um
corresponding to the minimum:and maximum permissible width of Metal-6 layer. In
additional to the meandered CCS.TL"cases of equal.connecting arm and central patch,
the cases of S unequal to W with S = 6 um'and S = 15 um are also included. Part (a)
of Fig. 2.3 indicates a 5 x 3 2D meandered CCS TL of S =6 um and W = 20 um. For
a fair comparison, the meandered layout pattern of the microstip is arranged the same
as that of the meandered CCS TL, as demonstrated in Fig. 2.3(b). The line width of
the microstrip is also set equal to the center patch (W) of the CCS TL. The
software-based analysis method is applied to derive the guiding properties, real part of
Z: (Re(Zc)), normalized phase constant (SWF), and loss per guiding wave length
(dB/LAg), of meandered CCS TLs and microstrips at 6.0 GHz. The analyzed results are

summarized in Fig. 2.4 and 2.5.



(b)

Fig. 2.3 Meandered test structures used at the comparative study of CCS TL anagist
microstrip in standard CMOS 0.18 um technology. (a) 5 x 3 2D meandered CCS TLs
with W, S, W, and P equal to 20, 6, 40 and 44 um. (b) Meandered microstrip with a
20-um width.
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When W is 2, 10 and 30 um, the real part of characteristic impedance (Re(Z.)) of
the meandered CCS TL of S equal to W, plotted in the solid black square symbol in
Fig. 2.4(a), illustrates a 20.95, 19.89, and 12.57 ohm increase of the corresponding
meandered microstrips (MS), drawn in the hollow square one. This result shows that
the meandered CCS TL of S equal to W possesses a higher characteristic impedance
than that of the meandered MS. Compared the meandered CCS TLs of S unequal to W
with S equal to W, the increase in Re(Z.) is average 12.32 and 6.12 ohm when S = 6
um and S = 15 um for W varying from 20 um to 30 um. As expected, a wider S
would results in a wider MS section within the meandered CCS TL introducing a
lower value of Z; [28]. Nevertheless, the meandered CCS TL with non equal S and W
is a more efficient guiding structure for designing high characteristic impedance and
suitable for compact layout integration. Regarding the sensitivity on variations in W,
the Zc for meandered CCS TL-of S = 6:um decreased 8.26 ohm when W increased
from 8 um to 15 um and decreased 6.12 for S =15 um and W increased from 20 um
to 30 um. However, the decreases of Z. for the meandered microstrip against the same
variations in W were 20.0 and 8.04 ohm, respectively. These observations indicate
that the meandered CCS TL with non equal W and S is less sensitive in lowering Zc
due to the meanderings than the meandered microstrip.

Part (b) of Fig. 2.4 plotted the slow wave factors (SWF) of meandered CCS TLs
and microstrips against W. As could be observed easily, the SWFs of the meandered
CCS TLs of S equal to W are almost insensitive to the change of W across the entire
range of interest. The averaged SWF of the particular case is 2.085 with a maximum
deviation of only 1.37%. Since a wider S or an equivalent wider MS section would
cause a decrease in the effective series inductive component. But a wider W would

also results an increase in the effective shut capacitive component (C). Therefore, the
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resultant phase constant, proportional to+/LC , has insignificant changes. However the

effective Z, proportional to/(R + joL)/(G + joC), would be lowered which had

been observed in Part (a) of Fig. 2.4. Moreover, the meandered CCS TLs of S unequal
to W show even slower guiding properties than S equal to W. Since their effective
series inductive component (L) were not changed due to a fixed size of S. But the
effective shunt capacitive part (C) were enlarged with the increase of W. Thus the
resultant SWFs exhibit monotonically increases against W. On the contrary, SWFs of
the meandered microstrips fall from 1.995 to 1.797 with a decrease rate of 9.9% when
W increase from 2 um to 30 um. Therefore the meanderings of microstips cause a
significant reduction in the SWF. Which reflecting the fact the propagating
characteristics of meandering CCS TLs, are Jess susceptible to the meanderings than
the meandered microstrips.

Figure 2.5 depicts the loss per guiding wavelength (dB/Lg) against Re(Z.). The size
of W employed in each structure was-also'shown beneath the corresponding symbol in
the same figure. When Re(Z.) above 61.24'Q, the meandered CCS TLs of S unequal
to W with S = 6 um demonstrate lower loss properties than that of the meandered TLs
of S equal to W. Since the average metal strip of the first structure is averagely wider
than the second one. Besides the first structure also has a shorter guiding wavelength,
inversely proportional to the SWF, as explained before. Therefore a better loss
characteristic for high-impedance CCS TL of S unequal to W in meandered form
could be expected. Compared to meandered microstrips, either meandered CCS TLs
of S unequal to W or S equal to W demonstrates lower dB/Ay at the same
high-characteristic-impedance region. The behind mechanism also relies on a wider
metal strip and superior slow wave property. When Re(Z.) is about 80 ohm, for

example, compared to the meandered microstip the reduction ratios of dB/Aq for CCS
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TLs of S equal to W and S unequal to W are 30.89% and 44.74%, respectively.

For characteristic-impedance below 57.23 ohm, the meandered microstrip has
the lowest loss property, but the corresponding SWF and Re(Z;) are much sensitive to
the meanderings, as discussed previously. Base on an equal W, however, meandered
CCS TLs of S unequal to W demonstrates not only higher Re(Z), better SWF and
lower dB/)4 than those of meandered CCS TLs of S equal to W. The validity of these
facts could be justified through comparing the performance among the first structure
of S =15 um and the S equal to W cases when W varied from 20 to 30 um. Following
observations could be summarized according to Fig. 2.4 and 2.5: the averaged
increase ratios on Z. and SWF are 16.03% and 7.13%, and reduction ratio on dB/\Ag is
4.29%, respectively. The mechanism by which the dB/A4 decrease by reducing S

mainly involves an increase in the effective series inductive component, since the
attenuation constant could be approximately. expressed asR,/C/L when the effective

shunt conductive component is- negligible.~Besides, the first structure also has a
superior SWF property. It is evident that meandered CCS TL of S unequal to W has

more advantages than the ones of S equal to W in terms of guiding properties.
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of characteristic impedance (Re(Z)), and (b) slow wave factor (SWF).
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2.3 Discussion

In this chapter the guiding characteristics of CMOS 0.18 um monolithic
meandered CCS TL with non equal and equal connecting arm (S) and central patch
(W) have been analyzed. The meandered CCS TL compared to the meandered
microstrip has at least three advantageous points: (1) less sensitive to lowering
characteristic impedance and slow wave factor by meanderings, (2) better loss
characteristics for high-impedance lines, (3) higher characteristic impedance value for
wide metal strip. Of more interest is the fact that the meandered CCS TL with non
equal S and W even shows a better transmission line performance than the one with

equal S and W on the same advantageous points.
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CHAPTER 3

Approaches of Microwave Active Filters

This chapter investigates an innovating approach of fully monolithic CMOS
active filters incorporating meandered complementary-conducting-strips transmission
line aimed for filtering functions commonly required by the radio receiver front end.
Conventionally these functions are performed by off-chip SAW filters. Recently,
on-chip BAW filters had also been proposed to overcome this impediment with an
additional payment of process modifications. However, by introducing integrated
active elements compensating or emulating the on-chip passive components, active
filters exhibiting good frequency selectivity, low passband attenuation, and small in
size show considerable interest. .Section 3.1 gives a general overview of active
inductor and active resonator techniques traditionally-employed in active filter deisgns.
Then a preliminary experiment of a 5 GHz active bandpass filter based on active CCS

transmission lines is introduced in*Section 3.2.

3.1 Overview on Active Inductor and Active Resonator Techniques

Analog LC-Ladder filter, in 1966, had been discovered to be highly insensitive to
component variation [33]. In integrated circuit (IC) technology, planar or stacked
spiral inductors are usually applied for implementing large inductances. However,
several fundamental problems such as excess series resistance, high-frequency
resonances, and mutual coupling limit its usefulness. Therefore, active inductors have
been developed to replace the passive ones.

Since the gyrator network has an impedance inversion property. An active

gyrator with a capacitive load, therefore, could simulate an active inductor and be
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used in realizing inductorless active filters [34]. Monolithic active gyrators could also
be constructed with op-amp or transconductor circuits [35]. Overlap capacitance
between the input and output of the monolithic CMOS transconductor, however,
normally introduces phase lag in the transconductance function and limits the
maximum usable frequency of this active inductor [36]. Canceling of this overlap
capacitance by a balanced gyrator topology had been successfully applied in the VHF
(up to several hundreds of MHz) active filter design [37]. For the use of active gyrator
in monolithic microwave integrated circuit, several active notch filter designs had
been reported in GaAs technoloy [38-40].

Using a common-source cascode-FET with resistive feedback topology to
implement a relatively lossy broadband monolithic GaAs active inductor had been
report in [41]. A significant reduction in the series resistance of this active inductor
with the use of common-gate .cascode-FET feedback arrangement was lately
published in [42]. To realize a broadband-flat inductive response, however, either
configuration requires the two Cg*capacitances” of each FETs must be identical to
cancel each other out. The required transconductance (gy) of each FET must larger
than (Q)Cgs)l'S, and the maximum operating frequency of this active inductor is ideally
about one-half of the small-signal unity frequency (fi= gun/2nCgy) of the FET. The
related applications in monolithic GsAs tunable narrow-band active filters were
reported in [43-46].

As a well-known approach, the negative resistance (-R) circuit could be used to
compensate the loss in passive transmission line, lump inductor, or lump capacitor to
realize an active filters. For an active LC resonator, the —R circuit is an integral part of
the lumped LC resonator to cancel out the dissipative loss. This technique had been
used in monolithic CMOS, SiGe, and GaAs technologies [7-8, 19-24, 47-54]. For

monolithic CMOS and SiGe active LC resonators, however, the essential on-chip

18



spiral inductor usually has a lower resonance frequency and could not provide a
broadband flat inductive response. Thus a Q factor tuning circuit has to be adopted
within the filtering system [18, 23-24]. In contrary, transmission line is a distributed
element and demonstrates a broader and much stable characteristic against frequency.
Therefore monolithic CCS TL is applicable for active filter designs for its
advantageous guiding property and less sensitive to meandering as discussed in
Chapter 2. The remaining challenge is how to compensate its propagating loss in the
CMOS monolithic approach. To date, several design techniques had been developed
to integrate the negative resistance circuit with distributed transmission lines in hybrid
and GaAs technologies [55-58]. For example, C. Y. Chang et al. had used coupled line
resonators and coupled negative resistance to realize a hybrid tunable 200-MHz wide
active bandpass filter at 10.5 GHz [55]. M. Ito at al. had implemented a monolithic
2.6-GHz wide active bandpass-filter at 65 GHz by applying two CPW transmission
line quarter-wave resonators terminated-by-negative resistances in GaAs technology
[56]. To get a clear insight in the restrictions and feasibilities of the negative
resistance circuits used both in active LC and transmission-line resonator, some
negative resistance circuits commonly appeared in the literature would be surveyed in
the following subsection.

Apart from the techniques mentioned above, some bandpass or notch amplifiers
have been built by cascading a passive bandpass or notch segment with the low noise
amplifier (LNA) [10, 59-61]. However, these filter have restricted frequency
selectivity and not applicable for the general filter synthesis methods. Nevertheless,
this approach is advantageous for its compactness and design simplicity. In contract,
the transverse or recursive typed active bandpass filter usually requires 3-dB coupler,
power combiner, and LNAs to perform analog signal processing [62-67]. The general

filter synthesis methods could neither be applied to this filter.
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3.1.1 Negative Resistance Circuits

In the circuit topologies requiring single active device, the circuit can be in
common gate configuration with an inductive feedback, in common-source
configuration with a capacitive feedback, or in common-source and common-drain
inductive and capacitive series feedback, as shown in Fig. 3.1(a), (b) and (c). In the
ideal case, the negative resistance circuit of Fig. 3.1(a) has an input impedance at the

source terminal given by

_1-’L,C,
g, +joC,,

(1

in

This circuitry is fist introduced in [68] and also called the active inductor. By
considering the gate resistance and+Other parasitics of a real transistor, this circuit
could not achieve negative resistance without mtroducing an additional inductance in
the drain terminal. Another drawback is-the requiremient of large L¢resulted from the
high frequency phase shift introduced by the transconductance of a real device [53,
69]. For the ideal case of Fig. 3.1(b), the input impedance at the gate terminal is

expressed as

Zin == 2gm _j : + 1 (2)
0 C,Cy 0C,  0Cy

As can be observed, the higher frequency the more transconductance or power
consumption is required to generative an equivalent negative resistance. Besides, the
Cgs capacitance from the real device has a negative impact on the resulting negative
resistance. Which could set inherent limitations for its usefulness in CMOS
technology. The negative resistance circuit shown in Part (c) of Fig. 3.1 is also called
the active capacitor. This circuit has demonstrated a superior noise performance in

hybrid topology [70]. However, the bandwidth of negative resistance usually involves
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a tradeoff between the value of Ld and parasitic resistance within the series feedback
network at the drain terminal [71]. Which may enhance the design complexities and
increase iteration times.

Part (d) of Fig.3.1 illustrates the coupled-inductor negative resistance circuit. The

ideal effective input impedance seen at the primary inductor could be expressed as

Z. =R, + joL, + joM L =R, + joL, + joM(4e’) 3)
)

where Ae is the current ratio between the primary and secondary inductor, and M is
the mutual inductance between the two inductors. When 6 equals to 90° or 270°, a
negative resistance is generated and could be. used to cancel the series resistance R; of
the primary inductor L;. This technique has-been applied in CMOS technology for
several active bandpass filters design [7, 19]. Notably, the capacitive coupling
between the two inductors could eause phase difference in Ae® and additional
capacitive loss. Besides, CMOS on-chip transformer also suffers from the substrate
loss [7]. In other words, this negative resistance circuit also has to compromise with
the parasitic effects of on-chip inductive lump components.

In contrast, the small-signal resistance at the drain terminal of a A-type MOSFET,
as illustrated in Fig. 3.2 (a), is inherently negative requiring no inductive component.
Since under proper biasing conditions, the slop of its source-drain current (Ipg) is
inversely proportional to the increase of the source-drain voltage (Vps). The detailed
physics of this voltage-controlled single-ended negative resistance device had been
reported in [72]. For high frequency applications the bandwidth and tuning capability
of a A-type MOSFET realized in a typical 0.18 um CMOS technology is further

investigated through circuit simulation. The transistor size (width/length) of N1, N2
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and N2 NMOS are 0.5/0.18, 0.35/0.18, and 1.88/0.18 um, and the VD potential of the
A-type MOSFET is set at 1.05 volt. For clearness, the output impedance was
transformed to equivalent shunt elements, as shown in Fig. 3.2(b). Both the
magnitudes of negative conductance (-G) and intrinsic capacitance (C) were
proportional to the DC potential at the gate terminal (Vg). The total power
consumptions were 163.5 and 520.2 uW when VG is 1.4 and 1.8 volts, respectively.
Besides, the negative conductance worked at least up to 10 GHz. Thus a A-type
MOSFET has demonstrate its advantageous features in terms of requiring no passive
component, low power, and low complexity and applicable to loss compensation in

0.18 um CMOS technology.
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Fig. 3.1 Several circuit topologies of negative resistance circuit. (a) common-gate

inductive feedback. (b) common-source capacitive feedback. (¢) common-source and
common-drain inductive and capacitive series feedback. (d) Coupled-inductor

negative resistance generator.
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Fig 3.2 (a) The A-type MOSFET and its equivalent small signal circuit. (b) The input
susceptance (Y=-G+joC) of a typical 0.18 um A-type MOSFET when Vp biased at
1.05 volt and Vg biased at 1.8 and 1.4 volt. The geometrical size (width/length) of N1,
N2 and N2 NMOS transistors are 0.5/0.18, 0.35/0.18, and 1.88/0.18 um, respectively.
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3.2 CMOS Active CCS Transmission Line

To compensate the loss in a passive transmission line via negative resistance
circuit, conventional approach is by using the negative resistance at the desired
frequency band as introduced in Section 3.1. This section will explore the innovating
approach of changing the transmission line characteristics fundamentally. At high
frequency, as already known, the signal wavelength is comparable to the physical
dimension of a transmission line. Thus one could utilize a negative resistance device
to amplify the voltage and current along the lossy transmission line within periodic
distance much smaller than the guided wavelength. Therefore the complete guiding
structure is active in nature. The concept is illustrated in Fig. 3.3(a). The original
per-unit-length shut conductance component within the distributed transmission line
model is replaced by negative conductance. By using A-type MOSFETs as the
negative resistance device, the complete schematic including biasing voltages and a
passive transmission line is shown in Fig. 3.3(b).. The DC potential Vp of all A-type
MOSFETs is carried at the signal trace of the original passive transmission line. The
negative resistance tuning mechanism of A-type MOSFET is used to adjust the gain
of this active transmission line by set the DC potential of V.

The guided wavelengths of the particular CMOS meandered CCS TL analyzed in
Section 2.1 range from 34.72 to 18.20 mm when frequency varies from 4 to 8 GHz.
Using an negative resistance to distributed compensate the loss within this TL,
therefore, the negative resistance device should be inserted along the TL in a periodic
distance much smaller than the guided wavelength at the highest frequency. For the
first active CCS TL design, the A-type MOSFET was attached in every 3 CCS unit
cells, a periodic distance of 102 um, approximately five-thousandths of the guided

wavelength of the passive CCS TL at 8 GHz.
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(b)

Fig 3.3 (a) The distributed transmission line model of the proposed active
transmission line circuit. (b) The schematic of the proposed active transmission line
adopting A-type MOSFETs.
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The validity of this concept is checked by the same complex propagating
characteristics and characteristic impedance extraction procedure from two-port
scattering parameters described in Section 2.1. For clearness, the inductance (L),
capacitance (C), resistance (R), and conductance (G) per unit length (mm) of the
passive and active CCS transmission lines are illustrated in part (a) and (b) of Fig. 3.4.
As expected, the series impedance (Z=R+jwL) per unit length of the transmission
lines had not been changed, but the shunt susceptance (Y=G+jwL) element had been
affected after the A-type MOSFETs are inserted. The sign of the unit-length
conductance had been changed from positive to negative and the unit-length
capacitance had also been increased. These observations match to the proposed

concept of active transmission line. Apart from the lossless transmission line whose
characteristic impedance is real .and equal.to./L/C , the unit-length resistance and

conductance of this active transmission lineé could not be neglect after attaching the
negative resistance device. As<shown in“Fig. 3.5(a), the resultant characteristic
impedance still possesses an imaginary part,‘and the magnitude is dropped due to the
increase of unit-length conductance and capacitance. Regarding propagating
characteristics, illustrated in part (b) of Fig. 3.5, the slow wave factor was increased
from 2.09 to 3.28 and the gain per guiding wavelength increased from -8.5 to 0.025
dB/A; around 5.5 GHz. The active transmission line now has gain from 1 to 6 GHz.
Thus, this distributed loss compensation approach applied in monolithic CMOS
technology had been theoretically validated and could be further applied to the active

filter design.
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Fig. 3.4 The extracted distributed transmission line parameters of passive and active
CCS TLs from 1 to 10 GHz. (a) Series resistance and inductance per millimeter. (b)

Shunt conductance and capacitance per millimeter.
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Fig. 3.5 The guiding characteristics of passive and active CCS TLs from 1 to 10 GHz.
(a) Characteristic impedances (Z). (b) Gain per guiding wavelength (dB/A;) and slow

wave factors (B/ko).
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3.3 A 5.5 GHz Active Bandpass Filter

Conventional transmission line based active bandpass filters either use passively
coupled active resonators [55-58]. This section investigates the actively coupled
active resonators approach based on the architecture of the so-called dual-behavior
resonator (DBR) transmission line bandpass filter [32]. The active transmission lines
presented in Section 3.2 are applied to realize the required DBRs and impedance
inverters (J inverters) within the active bandpass filter.

The ideal equivalent circuit of a second-order 5.5 GHz DBR active transmission
line (TL) bandpass filer is illustrated in Fig. 3.6(a). Each DBR is realized by one 90°
active transmission line with Re(Zc) equal to 58 ohm at 8 GHz and another at 4.28
GHz. The series J inverter is realized by, one.90° active transmission line with Re(Zc)
equal to 46 ohm at 4.862 GHz. The size.of periodicity, mesh ground plan, central path,
and connecting arms for the CCS unit cell employed by all the CCS TLs are 34um,
30um, 6um, and 6 um, respectively: The A-type MOSFETs with the transistor size
reported in Section 2.2.1 were attached to'the' CCS TL in every three CCS unit cells.
Regarding the N3 NMOS transistor used at the A-type MOSFET for the J inverter is
1.5 um larger than those used at two DBRs to achieve the desired Re(Z;). For
simplicity, the DC potential required by drain terminals of A-type MOSFETs are all
set to 1.0 volt and biased through the two ports of the prototype filter. The Vg and
Va, voltages are 1.8 and 1.45 volt, respectively. The chip area is 1.19 x 1.19 mm®
including right and left-side ground-signal-ground pads for the two ports of the

prototype filter and up and lower-side ones for Vg, and Vga.
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Fig. 3.6 (a) The schematic of the 5.5 GHz active bandpass filter based on the active
CCS TLs. (b) The layout diagram of the 5.5 GHz active bandpass filter.
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Figure 3.7(a) plots the simulated two-port scattering parameters based on 50 €
reference impedance from 1 to 10 GHz. Two reflection zeros can be observed at 4.5
and 5.7 GHz. The central frequency is 5.5 GHz with a 3-dB bandwidth from 4.5 to 6.2
GHz and the simulated passband gain is 1.6 dB from 5.0 to 6.0 GHz. The return loss
is below 9.0 dB from 4.3 to 5.7 GHz with an out-band rejection below 30 dB from 8
and 20 dB at 3.3 GHz. The total power consumption of this prototype active filter is
about 35.70mW and the simulated input referred noise figure at the central frequency
is 15.37 dB. However, the reflection coefficient is above zero dB from 1 to 1.8 GHz
and from 6 to 8 GHz. Examining the real part of susceptance from the input of the
prototype active filter, as illustrated in Fig. 3.7(b), an extremely large negative
conductance is observed below 1 GHz. Further lowering the tuning voltages, Vgi and
Vi, could not totally remove thesnegative conductance from the input of the active
filter unless the A-type MOSFET.introduces no negative resistance anymore. Since
the particular device generate more ‘negative-resistance at lower frequencies than at
high-frequency band. Lowering VG does not change this trend against frequency but
result in an overall decrease in the generated negative resistance and consequently
deteriorating the filtering characteristics of the active CCS TL based filer.

After powering on the fabricated prototype active filter and performing on-wafer
scattering parameter measurements with Agilent 8510C VNA, the measured results,
as shown in Fig 3.8 (a), are not a filter responses but tremendous reflecting signals
from the active filter. The measured input frequency spectrum from DC to 1 GHz is
also shown in part (b) of Fig 3.8. The strongest oscillating signal is observed at 10.1
MHz with a power level of -8.3 dBm. Examining the inset of Fig 3.7 (b), one could
easily recognize that the most negative input conductance of the active filter is -46 mS
at 40 MHz. This frequency shift is caused by the parasitic within the measurement

system including the Bias Tee, cable, RF probe, and connectors.
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Fig. 3.7 The small signal characteristics of the 5.5 GHz second-order DBR bandpass
filter based on active CCS TLs incorporating A-type MOSFETs. (a) Two-port

scattering parameters from 1 to 10 GHz. (b). Real part on input susceptance (Re(Yin))
at P1 from DC to 10 GHz.
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Fig. 3.8 Measured results of the 5.5 GHz second-order active bandpass filter. (a)
Small-signal scattering parameter from 1 to 10 GHz. (b) The frequency spectrum at

P1 from DC to 1 GHz.
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3.4 Discussion

In this chapter several microwave active filter techniques employing the active
inductor and the active resonator have been reviewed. Conventionally these
techniques rely on the active transistor with low intrinsic capacitance (Cgs), high
quality inductively feedback network, good transconductance efficiency, or good
matching properties. To make monolithic CMOS active filters without these
restrictions, an active CCS TL based approach had been chosen for its favorable
lossless guiding characteristics and low complexity so that general filter synthesis
methods could be used. However, the preliminary experiment was failed for
instability issues at 10.1 MHz. Therefore the design philosophy must apply adequate
loss compensation in order to imake the active filter stable through the entire
frequency spectrum. This strategy will be explored in Chapter 4 in view of the filter’s

architecture.
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CHAPTER 4
Miniaturized C-Band Active Bandpass Filter

This chapter presents a C-Band monolithic active bandpass filter based on
Q-enhanced half-wavelength resonators in a standard CMOS 0.18 um technology.
The quality factor of the complementary-conducting-strips transmission line (CCS TL)
based half-wavelength resonator is reported in Section 4.1. Section 4.2 describes the
design philosophy of the composite Q-enhanced resonator incorporating the
cross-coupled pair circuit with the CCS-TLs based half-wavelength resonator. Within
this novel architecture, the loss-composition mechanism could be well controlled both
in architecture level and circuitry level. The two operation modes of the Q-enhanced
resonator are theoretically investigated. ‘Section: 4.3 presents the realization of the
second-order prototype bandpas: filter based on-the proposed Q-enhanced resonator in
great detail. When consumes 3.0 -mA from a 1.8 V supply, the active filter
demonstrates a 2.2-dB insertion loss. Theoretically analyzed two-port scattering
parameters are in good agreements with the measured results. The trend of the active
bandpass filter with a 0.56-dB transmission gain is also theoretical and experimentally
investigated. For this particular case, however, the reflection coefficient is greater than
0 dB from 6.5 GHz to 7.9 GHz. Based on a set of 50-Q terminations, the noise and
nonlinear properties of the prototype filter with a 2.2-dB insertion loss are further
analyzed in Section 4.4 and 4.5. The stability analysis of the proposed active filter is
performed in Section 4.6. Section 4.7 compares the filter performance with other

published works and indicates the direction for further improvements.
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4.1 CCS TL Half-Wavelength Resonator

In view of miniaturizing the size of complementary-conducting-strips
transmission line (CCS TL) based half-wavelength resonator, the meandered CCS
TL of the largest slow wave factor (SWF) should be employed. But there will be
both DC and microwave signals carried in the top layer strip of the meandered CCS
TL. Therefore the one with equal W and S of 30 um is the best candidate for
lowering the power dissipation introduced by the DC resistance. Base on the studies
performed in Section 2.2, one can quickly estimate the physical length of a
half-wavelength resonator by using CCS unit cells of W= S =30 um, P =44.0
um, and Wy = 40 um at 6.0 GHz to be 12,480 um and such meandered transmission
line can be compacted in an chip aréa of 748:x 748 um’. In contract, if the similar
meandered microstip of a 30-uwm width 1s applied, there will be an additional length
requirement of 1.42 mm corresponding.to-a 12.1 % increase in the chip area. Though
the loss property of meander miicrostrip is about:1.5 dB lower than the meandered
CCS TL for a half-wavelength resonator at 6.0 GHz. But it would be clearer in
Section 4.2 that this impediment could be easily overcome by applying negative
resistance circuit.

However, for example, the meandered CCS TL of W=30 um and S = 15 um
posses a better loss characteristic, better slow property, and modest average width in
the top layer strip compared to the one of W = S = 30 um. With the CCS TL of
unequal W and S, a passive half-wavelength resonator could be further optimized in
respect to the DC-resistance, high-frequency loss, and chip area. But for simplicity
and for the same reason about the loss issue, the meandered CCS TL of S = W =30

um is employed for designing the prototype active bandpass filter.
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For clearness, the guiding characteristics of CCS TL of S = W =30 um from 1 GHz
to 8 GHz is derived by using the same software-based analysis method described in
Chapter 2. Figure 4.1 illustrates the extracted results of the particular CCS-TL design
example. From 1.0 GHz to 8.0 GHz, the real part of the characteristics impedance (Z,),
which is the solid line plotted in Fig. 4.1(a), nearly keeps at a constant value of 34.2 Q.
The imaginary part of Z. is capacitive, ranging from -11.7 Q to -2.04 Q. The
normalized phase constant shown in solid line in Fig. 4.1(b) illustrates the value of 2.0
at the desired operating frequency. The normalized attenuation constant, which is
plotted by the dotted symbol in Fig. 4.1(b), however, shows relatively high loss aspect
of the transmission line. In the low frequency limit (1 GHz), the metal thickness
employed in the CCS-TL is smaller than the skin depth, thus we observe larger
attenuation losses. Figure 4.2=plots the Q-factor -of CCS-TL against frequency,
showing 2.19, 2.94, and 3.40 at 3.0GHz;-5.0GHz, and 6.53GHz, respectively.
Therefore the Q-factors our resonater design are.comparable but smaller than those of

inductor-based design in [18-20, 22-24].
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Fig. 4.1 Guiding characteristics of the meandered CMOS CCS TL with W = S = 30
um, P = 44 pym, and W= 40 um from 1 to 8 GHz. (a) Complex characteristic

impedance. (b) Normalized complex propagation constant.
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4.2 Q-Enhanced Monolithic Half-Wavelength Resonator

Figure 4.3 illustrated the concept of a Q-enhanced complementary-conducting-
strips (CCS) half-wavelength resonator. A cross-coupled pair, which consists of two
identical NMOS transistors, is integrated into a passive CCS-TL based
half-wavelength resonator. The Drain terminal of N1 is directly connected to the Gate
terminal of N2 and vise versa. Two transistors are biased at the same DC potential
(Vg), and the Drain terminals of both N1 and N2 are directly loaded with CCS

half-wavelength resonator, forming a new composite resonator.

CCS kglz
Resonator

Fig. 4.3 Q-enhanced CCS half-wavelength resonator incorporating a NMOS

cross-coupled pair.
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Applying to conventional filter synthesis flow, the active resonator will be excited
single-endedly, not differentially, both common-mode and differential-mode signals
will excite in the active resonator structure. Part (a) and (b) of Fig. 4.4 illustrate the
equivalent circuits for differential-mode and common-mode excitations, respectively.
When a differential-mode signal transmits into a cross-coupled NMOS transistors pair
and establishes a positive feedback, a virtual ground is formed at the symmetric plane
rendering a negative differential resistance —Rd in Fig. 4.4(a) with magnitude
approximately equal to the inverse of transconductance of the cross-coupled pair [73].
On the other hand, the capacitance across the resonator is approximately half of the
combined capacitance (CgstCga).

Since the potentials on the Drain-and Gate tetminals of the NMOS are equal under
a common-mode excitation, the NMOS -acts*.as -a Gate-Drain-connected diode.
Therefore two parallel RC networks are loaded.with both sides of the half-wavelength
resonator. The shunt resistance R shown in Fig:"4.4(b) represents the small signal
resistive loss of the transistor operated in the saturation region. To make proper
operation of active bandpass filter, the differential-mode must prevail over the
common-mode in the passband. Since the cross-coupled pair can amplify the
differential-mode signal and attenuate the common-mode signal, such circuit
characteristic can increase the common-mode rejection of the proposed Q-enhanced
resonator, and relax the issue on symmetrical layout of the resonator during the filter

integration.
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Fig. 4.4 Small signal analyses of the Q-enhanced half-wavelength resonator. (a)

Differential-mode analysis. (b) Common-mode analysis.
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Then the complex input impedance under differential-mode excitation was
theoretically investigated by using the software, Agilent'™ ADS2004A. Through the
analysis, the length and width of the two transistors were set at 0.18 um and 80 wm,
respectively. And Vg was isolated from the differential RF signal by RF-choke. The
results illustrate that the value of C4 and —R4 were nearly constant from 1.0 GHz to
8.0 GHz, revealing a broadband characteristic of the equivalent active RC circuit. And
the total equivalent resistance (Requ) of the differentially driven active resonator can

be expressed by

Rop= it @
R, -R,
where Ry represents the loss of the CCS.half-wavelength resonator. Because the
value of the frequency-dependent Ry inereases-with increasing frequency, the active
resonator tends to become more’ stable..at” frequency higher than the resonant
frequency. Furthermore, the value of —R4 is inversely proportional to the Drain current

of the NMOS transistors [73]. Thus, as shown in Fig. 4.5, Vg can be applied to adjust

proper negative resistance for realizing a stable half-wavelength resonator.

44



600 180

Ve
400 | — 557mv
....... 525mv 4170
200 ‘ ‘
E ooooooooooooooo .......U ........ “E-\
S ok 1160 —
- O
[1'd
-200 | <7\
4 150
400 . ......... U ........
-600 . ' ' L L . 140
1 2 3 4 5 6 7 8
Frequncy (GHz)

Fig. 4.5. Differential input impedance of a 0.18 pm NMOS cross-coupled pair with
length of 0.18 um and width of 80.0 um.

45



The inset in Fig. 4.6 depicts the schematic for extracting the unloaded Q-factor of
the active half-wavelength resonator shown in Fig. 4.3. Two tiny capacitors of 0.01 {F
formed the electromagnetic coupling between the resonator and loads. Clearly the
excitation was single-endedly. The size of the NMOS transistor was the same as that
reported in the Fig. 4.6, and the half-wavelength resonator was realized by using the
meandered complementary-conducting-strips transmission line (CCS-TL) reported in
the Section II.A. As the value of Ry of the CCS half-wavelength resonator and —R4 of
the cross-coupled pair biased at 557 mV are 298.4 Q and -301.34 Q at 6.53 GHz,
respectively. Therefore, according to (1), Fig. 4.6 illustrates a stable active

half-wavelength resonator.

The extracted Q-factors shown in Fig. 4.6 follow the definition of the unloaded
Q-factor in [74]. Moreover, the magnitudes of the.transducer gain of the weakly
coupled active resonator are alsosillustrated in Eig: 4.6. The Q-factor was only 3.40
for the passive CCS half-wavelength resonator. With the active Q-enhanced circuit
biased at 525 mV, 538 mV, 549 mV, and 557 mV, the enhanced Q-factors were 9, 15,
39, and 84, respectively. Notably, the resonant frequency of the Q-enhanced resonator
was slightly shifted from 6.633 GHz to 6.531 GHz when Vg was increased. Such

frequency drift was caused by the increase of C4 shown in Fig. 4.5.
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Fig. 4.6 Unloaded Q-factor of Q-enhanced half-wavelength resonator incorporating a

0.18 um NMOS cross-coupled pair.
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4.3 CMOS Transmission-Line based Active Bandpass Filter

Figure 4.7 shows the complete schematic of a second-order bandpass filter (BPF)
incorporating the Q-enhanced half-wavelength resonators [29-30]. The J-inverters
were realized by series capacitors C;, C,, and C;.The design procedure of the BPF is
well documented in [74]. In this practical example, f. of the BPF was located at 6.02
GHz, and BW was 1.0 GHz with ripple of 0.2 dB. The order of the BPF was two and
the reference impedances of two terminals (P; and P;) were 50 Q. The biasing and
tuning networks controlled by Vy, provided biasing currents for the NMOS
cross-coupled pairs. And these networks were isolated from the CCS-TL resonators
by the on-chip spiral inductors as showmn sn, the top of Fig. 4.8. Figure 4.8 also

illustrates the die photo of the prototypefilterin. Fig:4.7.

The entire active BPF, includmg the complementary- conducting-strip transmission
lines (CCS-TLs), capacitors, inductors, active networks, and pads were fully
integrated in a chip area of 1230 um x 880 um. The capacitor was realized with the
so-called interdigital metal-oxide-metal (MoM) capacitors of top-three metal layers.
In the realizations, C; was 380 fF with an area 0f 45.9 um x 79.8 um, and C, was 220
fF with an area of 41.9 um x 52.8 um, respectively. Additionally, the inductance of

the on-chip spiral inductors was about 3.0 nH occupied an area of 251 um x 247 pum.
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Fig. 4.7 Second-order CMOS transmission-line based bandpass filter.
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Fig. 4.8 Die photo of the prototype bandpass filter in Fig. 4.7.
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The small-signal experiments were performed after the on-wafer
short-open-load-through (SOLT) procedures had been conducted by the vector
network analyzer (VNA), Agilent™ E5091A. In the measurements, the prototype
shown in Fig. 4.7 was biased by a supplying voltage (Vcc) of 1.8V with a current
consumption of 3.0 mA. The value of Vy, and the power level of input signals were
set at 1.0V and -20dBm, respectively. Additionally, the measured result was compared
with simulations performed by Agilent™ ADS2004A. Before the simulation, all the
passive components including capacitors, inductors, and CCS-TL were characterized
by Ansoft HFSS™. The BSIM3 V3.2.4 based RF models used for active devices were
provided by the foundry. Figure 4.9(a) shows the comparisons from 3.0 GHz to 8.0
GHz, revealing good agreements between the simmulated and measured data. The slight
mismatch shows the capacitive coupling . between the two Q-enhanced
half-wavelength resonators were well-“contrelled through the J-inverter, C,, and
parasitic coupling through the lossy substrate-was not server owing to the good
electromagnetic shield from the meshed ground plane of CCS TL. On the other words,
the CCS-TL can effectively confine the electromagnetic propagations and eliminate
the un-wanted coupling of the adjacent signal lines in the compact layout.

The measured results of two-port scattering parameters based on the 50 Q-system
lead the following observations. The center frequency of the second-order BPF is 6.02
GHz, and the insertion-loss is about 2.2 dB from 5.38 GHz to 6.65 GHz. The
bandwidth is about 1.14 GHz (5.26 GHz to 6.40 GHz) with a return-loss of 7.64 dB.
Two reflection zeros are identified at 5.47 GHz and 6.20 GHz. Additionally, the
prototype can reject the low-side signal about 28.18 dB at 4.0 GHz and the high-side
signal about 18.33 dB at 8.0 GHz. The superiors-mode of the prototype, which is

observed in Fig. 4.9(b), is suppressed about 16.67 dB at 15.25 GHz. The unobvious
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superiors-mode reflects that fact that the loss of the composite resonator is not
compensated at the corresponding frequency. In other words, for the boundary
condition set by the CCS-TL resonator at 15.25 GHz is unable to excite the
cross-coupled circuit to generate differential negative resistance for loss
compensation.

Based on the same measurement setting with Vy, set at 1.2 volt, as illustrate in Fig.
4.10(a), the center frequency of the prototype bandpass filter is 5.97 GHz. The
passband gain is about 0.561 dB from 5.38 GHz to 6.56 GHz. The return-loss is 9.55
dB with a bandwidth of 870 MHz, from 5.5 GHz to 6.37 GHz. The two reflection
zeros are identified at 5.47 GHz and 6.125 GHz which almost the same as those
observed when Vi, was set at 1.0 volt. Besides, the stopband rejections also remain
the same, 27.95 dB at 4.0 GHz and 18.24 dBat'8.0 GHz, respectively. Fig. 4.10(b)
depicts the corresponding superiors-mode suppression is about 20.31 dB at 15.8 GHz.
The current consumption increases 'slightly-ftrem 3.0 to 4.0 mA. In summary, the
center frequency, 3-dB frequency, and stopband rejections are almost insensitive to
the changes of tuning voltage, Vun. Thus, the passband gain of the prototype bandpass
filter could be controlled independent form the other filter characteristics.

Comparing the measured and simulate results when Vi, set at 1.2 volts, the
simulated passband gain is a little bit larger than the measured one at the high side of
passband edge. This could due to the insufficiency of the circuit model used for
emulating the characteristics of the active devices especially at resonance frequency.
Moreover, the measured reflection coefficient is larger than 0 dB from 6.65 to 7.45
GHz which is also observed in the simulated result, from 6.5 to 7.9 GHz. This
phenomenon could introduce potentially instabilities and a further analysis would be

performed in Section 4.6.
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Fig. 4.9 Comparison of measured and simulated transmission and reflection
characteristics of the prototype active bandpass filter when Vi, set at 1.0 volt. (a) 3 to

8 GHz. (b) DC to 20 GHz.
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4.4 Nonlinear Characteristics

The nonlinear characteristics of the prototype with Vi, equal to 1.0 volt had also
been investigated by measuring the input third-order intermodulation point (I1P3) and
the 1-dB compression point (P;45) when the. For the measurement of P;g4p, the signal
generator, Agilent’ " E8267D, provided an input continuous wave (CW) at 6.02 GHz,
and the spectrum analyzer, Agilent™ E4440A, was applied to observe the output
signals of the prototype. For the measurement of IIP; two signal generators were
applied to generate two fundamental frequencies of f; and f, equal to 5.795 GHz and
5.805 GHz, respectively. Before performing the measurements, the testing system
which includes the connectors and cables were calibrated. The measured and
simulated results, as shown in part (a)‘and (b) of Fig. 4.11 indicate the measured input
power levels for Pigg and IIP3 dre -15.2 and -9.6 dBm. Besides the simulated values
are -17.8 dBm and -10.69 dBm tevealing an average difference of less than 1.8 dB.

To investigate the IIP; charactéristics of passband intermodulation distortion (IM3)
caused by stopband signals, the same circuit simulation scheme was adopted. For both
the f; and f, signals originating from upper stopband, f; was set at 7.5 GHz and f, was
swept for 8.5 to 9.7 GHz. Therefore the resultant IM3 frequency (2f;-f;) ranged from
5.3 to 6.5 GHz within the passband of the prototype filter. Similarly, for both signals
originating from lower stopband, f, was set at 7.5 GHz and f; was swept for 4.7 to 3.5
GHz, respectively. The simulated IIP; caused by upper and lower stopband signals are
illustrated in Fig. 4.12(a) and (b). As expected, the trends of both cases illustrate that
the interfering signals closer to the passband would introduce a larger intermodulation
products with a lower value of IIP;. The minimum values are -7.71 dBm and -6.6
dBm for the upper and lower cases and are both larger than the one introduced by

passband f; and f; signals. Further increase the distance between f; and f; signals would
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result in a higher IIP; value. The highest values are -2.23 dBm and -0.86 dBm for the
upper and lower cases. Since the stopband rejection is getting larger when fj or f;
signal is farther away from the passband, therefore the generated intermodulation

products would become smaller resulting a higher value of I1P5 as well.
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4.5 Noise Analyses

In this section, the passband noise figure of the prototype active bandpass filter
incorporating cross-coupled pair circuit was investigated. An equivalent noisy two
port network and analytic expression relating the input referred noise figure are
presented and validated. Then the effects of device sizes and operation conditions on
the filter noise performance were analyzed as well. Finally a design trade off curve
was derived and provides physical explanations in attending minimum noise-figure

values of the proposed active filter.

4.5.1 Equivalent Noise Two Port Network

Experimental results in Fig. 4.9 indic¢ate that the prototype filter behaves like a
passive one with an insertion loss of 2.2dB.~According to the text-book definition, the
noise figure of a passive two-port network-is-equivalent to the inverse of its available
power gain [75]. However, the proposed ‘bandpass filter, as depicted in Fig. 4.7,
comprises of complementary-conducting-strip transmission lines (CCS-TL) and
differential NMOS cross-coupled pairs. The cross-coupled pairs not only provide
negative resistance to enhance the quality factor (Q-factor) of the resonators, but also
produce the noise simultaneously. Therefore, the noise contributions from the
transistors need to be incorporated into the noise figure calculation of the prototype
filter. The noise characteristics of a NMOS cross-coupled pair had been well
documented in [76-77]. The differential output noise current spectral density of a
NMOS cross-coupled pair is equivalent to the summation of thermal noise generated
in the channels of two NMOS transistors [77]. Furthermore, the channel noise of a

NMOS transistor operating in saturation can be quantified by an equivalent noise
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current between the Drain and Source terminals:

where ko, gn, and ¥ are Boltzmann’s constant, the transconductance, and channel

noise coefficient of a NMOS transistor, respectively [78-79].

Figure 4.13 illustrates the two-port noisy network consists of an ideal bandpass
filter and a noise current source. The available gain (Ga) of the ideal passive bandpass
filter is derived based on the transmission coefficient [80], and the noise current
source at the output of the passive filter represents the total noise current generated by
the two NMOS cross-coupled pairs. The definition and analytical expression for
deriving the input referred noise figure of the proposed noisy two-port network are

expressed as following:

Total'availablenoise power at output

= 6
Availablenoise powerat output due to thermal noise form ©)
the input termination R g
_ k,T+(2.0xi>xR ) o
B k,TxG

where the bandwidth had been normalized to 1 Hz.
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Fig. 4.13 The equivalent noisy two-port network of the prototype bandpass filter with

a 2.2-dB insertion loss.
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4.5.2 Validity Check and Design Trade-offs

To demonstrate the feasibility of the proposed noisy network, the theoretical
analyses were conducted with the two-port network illustrated in Fig. 4.13. The
geometrical size of transistor had been reported in Section 3.2, and the corresponding
value of g, derived according to the definition in [79] was 8.872 mS. The y value
extracted from the small signal noise analysis of the NMOS transistor was 1.012 at
6.0 GHz [79]. Thus, the total noise current spectrum density of the NMOS
cross-couple pairs was 6.436e-22 A*Hz at 298.15 K. The calculated NF of the
proposed bandpass filter after following the procedures described in (5) was 11.38dB.
Additionally, the calculation results from 5.5 GHz to 6.0 GHz were compared with
those of the simulations and experiments, as:illustrated in Fig. 4.14, revealing a
difference of less than 7.2% on'the noise analyses.: The measurements, which were
undertaken using the Agilent’ - noise figure analyzer N8974A, reveal that the NF of
the prototype was about 12.36 dB'at 5.5 GHz, which was slight decreased to 10.92 dB
at 5.8 GHz. Simulation results indicate that the NF of the proposed bandpass filer was
12.30 dB and 11.40 dB at 5.5 GHz and 6.0 GHz, respectively. These good agreements
indicate that the proposed noisy network is valid for predicting the NF of the bandpass

filter shown in Fig. 4.9.

Furthermore, the noise figure (NF) of the proposed bandpass filter with different
transistor width was also theoretically analyzed by following the same analytical
procedures mentioned above. Through the analyses, the characteristics of the
bandpass filter, including the insertion-loss, reflection coefficient, and bandwidth,

were identical to those reported in the Fig. 4.9.
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Fig. 4.14 The simulation, measurement, and calculation results of the input referred

noise figures of the proposed bandpass filter.
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Figure 4.15 and 4.16 plot the statistical results, from which the following
observations can be drawn. The value of ¥ denoted by the curve with square symbols
in Fig. 4.16 is highest at 1.63 with the smallest transistor width of 10.0 um. However
the ycan be reduced and kept with a constant value of 1.10 when the width is larger
than 80 um. Conversely, gn is increased from 5.52 mS to 11.12 mS, corresponding to
the increase of transistor width from 10 um to 160 um. Since the equivalent
small-signal resistor between the Drain and Source terminals increases due to the
Non-quasi-Static (NQS) effect [81], the higher value of g, is required to reduce the
ohmic loss from the CCS-TLs and the resistive loss in the channels of transistors. As
depicted in (3), the noise current of the transistor is proportional to the product of gn,
and y. Consequently, the NF, denotéd by the curve with triangular symbols in Fig.
3.17, is 11.38 dB, corresponding to the transistor width of 10um. Increasing the width
of the transistor from 10 um to20 um causes the NF:linearly reduced to its minimum
value of 9.82 dB. However, using the transistor width larger than 20 um in the
bandpass filter increases the resultant NF. These observations demonstrate the design

trade-off for minimizing the NF of the proposed bandpass filter.
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4.6 Stability Analyses

The complete criteria of a unconditionally stable two-port network are : 1) the
system be stable or for one specific set of passive terminations (the Rollett’s proviso)
and 2) the impedances seen looking into either port of the two-port always have a
positive real part no matter what passive impedance terminates the other port [82-84].
Many convenient stability parameter tests based on the second requirement have been
developed [83, 85-89]. However, applying a stability parameter test without satisfying
the proviso could incorrectly predict the result for microwave circuit designs [91-94].
For example, the criteria for oscillation start up among a negative resistance device
and a resonator, the magnitude of round-trip reflection coefficient larger than one at
resonant frequency, could fail in some cases [93:94]. Since the stability or instability
depends on whether the terminate two-port system has right half-plan poles Thus, the
analysis of the proviso of the proposed active bandpass filter terminated by a set of 50
Q) resistances was first performed.”Then an unconditionally stability test using | and v

parameters is applied to indicate the geometrical relations between the stability circle

and unit smith chart from DC to 20 GHz [86-87].

As demonstrated in [93], the number of the right-half-plan (RHP) poles of a
terminated microwave system could be predicted according to the Nyquist theorem,
the number of the encirclement of +1 point in a Nyquist plot. In the particular cases,
the reference place is chosen at P1 of the proposed active bandpass filter with either
port terminated with 50-Q resistance. The products of the input and output reflection
coefficients at the reference plan were evaluated by using the Agilent™ ADS2005A
circuit simulator from 1 MHz to 20 GHz. Figure 4.17(a) and (b) illustrate the analyzed

results when Vy,, set at 1.0 and 1.2 volt. Note that these data are only half of the
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Nyquist plots for frequencies larger than zero, and the other half for frequencies less
than zero could be derived by mirroring the fist part around the x axis. At 1 MHz,
both the traces begin around the x axis with radiuses less unity then travel in
clockwise direction till 20 GHz. As could be observed, the products of input and
output reflection coefficients of both cases not enclose the +1 point from 1MHz to 20
GHz. Thus, when Vy,, set at 1.0 and 1.2 volt, the proposed active bandpass filer

terminated with a set of 50-Q resistances are free from oscillations.
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freq (1.000MHz to 20.00GHz)
(a)

freq (1.000MHz to 20.00GHz)

(b)
Fig. 4.17 The Nyquist plots against frequency from 1MHz to 20 GHz of the prototype
active bandpass filter when Vy,, set at (a)1.0 volt, and (b) 1.2 volt.
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Since there is no RHP poles within the two network terminated with a set of 50
Q) resistances, the unconditionally stable test of L > 1 against frequency from DC to
20 GHz could be further applied. The | parameter test results of the prototype active
bandpass filter with Vy,, set at 1.0 and 1.2 volt are shown in Fig. 4.18 and 4.19. In
addition, the v parameter is also calculated for indicating the geometrically relation
between the stability circle (SC) and unit smith chart (USC) based on the method
described in [95]. For clearness, the magnitude of both u and v parameter from 5 to
10 GHz are shown as the insets of Fig 4.18 and 4.19 and the accompanying table
summarizes the relation between W and v over a specific range of frequency.
Regarding the prototype filter with Vg, set at 1.0 volt, the unconditional stable
spectrum ranges from DC to 6.5 GHz, contaiming the entire passband of the filter, and
upper stopband from 8.7 GHz.to 20-GHz. When 0< pu <1, the stable region of I
covers most of the unit smith chart including the 50 €, as further illustrated in part (a)
and (b) of Fig. 4.20. Regarding Vi, set at 1.2" volt, the unconditionally stable
spectrum shrinks but the condition of absolutely unstable never occurs. When -1<
1 <0, the 50 Q termination is excluding from the stable region in I's from 6.5 to 7.9
GHz, exterior to the passband of the particular design. The corresponding input
stability circles are shown in Fig. 4.21. Which reflects the fact that the simulated
reflection coefficients are larger than 0 dB over the specific range of frequency.
However, the Nyquist plot of this design demonstrates the circuit is stable under a set
of 50-Q terminations. Because the stability parameter tests only determine whether or
not the input impedance of the network are positive real, and this is not sufficient for
insuring whether the system has RHP poles. Nevertheless, in practice care should be
exercised as not to cause any potentially instability by properly choosing a set of

terminations within the stable region.
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Fig. 4.18 The u and v stability parameters against frequency from DC to 20 GHz of

the prototype active bandpass filter when Vy,, set at 1.0 volt.
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Fig. 4.19 The n and v stability parameters against frequency from DC to 20 GHz of

the prototype active bandpass filter when Vy,, set at 1.2 volt.
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(b)

Fig 4.20 The input stability circles of the prototype active bandpass filter design with
Viun set at 1.0 volt. The stable region is indicated by the “—” sign. (a) 6.5 GHz and
7.4 GHz. (b) 7.4 GHz and 8.7 GHz.
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Input stability

(b)
Fig. 4.21 The input stability circles of the prototype active bandpass filter design with

Vun set at 1.2 volt. The stable region is indicated by the “—” sign. (a) 6.5 GHz and
6.9 GHz. (b) 6.9 GHz and 7.9 GHz.
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4.7 Figure of Merit

Literature survey on the normalized chip area (Areanxorm) Of 25 published
monolithic active filter designs in CMOS, SiGe, and GaAs technologies from 1 to 100
GHz is given in Fig. 4.22. Where Areanom 1s the ratio between the chip area and the
order of the active bandpass filter normalized to the square of the equivalent
free-space wavelength (Mo)* at the filter’s center frequency. Apart from the process
technology, the applied circuit technique is also classified to give a clear impression.
As could be observed, active resonator of lumped LC element with negative
resistance (—R) circuit is the mostly used techniques. As expect, the method of
distributed transmission lines (TLs):With =R ‘eircuit demands the most normalized
chip area. The proposed method applymg meander CCS TLs with —R circuit in
CMOS technology, however, occupies only four-thousandths of the counterpart in [56]
applying CPW TL with —R cireuitry in GaAs. technology. Notably, the propose
method achieves a similar level in Areanem as those using the lumped LC element
with —R circuit approach at C-Band.

Traditionally, the noise and linearity property of a receiver front end is limited by
the performance of low noise amplifiers (LNA) and mixers. To make filtering
function properly, the performance of an active filter should be reasonably
comparable to those of the LNAs. For example, typical CMOS or SiGe monolithic
LNAs designed for commercial applications across C-Band, like 802.11a and UWB,
achieve a noise figure from 4.3 to 4.5 dB with P;4g from -10 to -1.5 dBm, respectively
[10, 59, 96-97]. Hence, in comparing circuit techniques of active bandpass filters, a

figure-of-merit (FOM) similar to those in [96-97] is defined as
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S,,|[1]xBW [MHZ]x P, [mW]

Py (WIS (NF—1)[1]x\/Area, [1]

FoM =

®)

In addition to 3-dB bandwidth (BW), the transmission coefficient (S,;), the excess

noise figure (NF-1), and the power consumption (Ppc), the input 1-dB compression
point (Pigg) and the square root of the normalized chip area (. Area,,, ) were

included to evaluated an active bandpass filter aimed for small chip area, low noise,
low power, low loss, and high linearity applications. Notably, the noise characteristic
of an active filter is often quoted as the noise power spectrum density in the passband.
To avoid confusion, these reported data are transformed to the equivalent input
referred noise figure based on (6).

In Table 4.1, a set of representative designs from Fig. 4.22 are compared based
on the FoM defined in (8). As could be-observed,.most CMOS lumped LC approaches
have the inherent advantage of small chip-area..But, their bandwidth, noise figure, and
Pias characteristics are restricted as well. On :the other hand, the same circuit
techniques applied in GaAs technology, a minimum noise figure of 7.5 dB is reported
in [53]. Though, its power consumption is relative large, but an excellent linearity of a
+11-dBm input third-order intermodulation point (IIPs) is achieved. Nevertheless, the
proposed approach in this study achieves an active bandpass filter with a small chip
area, low power consumption, modest noise figure, and modest P;qg in CMOS
technology for the first time. However, the noise and P4s characteristics of this
prototype appear insufficient for commercial applications. It is expected that the
required linearity and noise properties could be achieved by advances in device

fabrication and circuit techniques.
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Fig. 4.22 A survey of 25 published works on monolithic active bandpass filter design

from 1 to 100 GHz.

Table 4.1 A comparison of representative monolithic active filters in Fig. 4.22.

Design [53] [18] [22] [20] [7] [23] This Study
[Technology (um) GaAs 0.5 SiGe 0.5 CMOS 0.35 CMOS 0.5 CMOS 0.25 CMOS 0.18 CMOS 0.18
Order 2 4 2 4 3 4 2
f,(GHz) 4.7 1.7 2.19 1.8 2.14 6.0 6.0
BW(MHz) 400 102 53.8 80 60 100 1140
S,.(dB) 0 0 -5 -15 0 0 -2.2
Return Loss(dB) 9 N.A. N.A. N.A. 12.0 N.A. 7.64
P, (dBm) 1.4* -6.9 -30 -21 -13.4 -27.5 -15.2
Area, . (A,)° 4.90E-4 6.58E-5 2.77E-6 1.35E-6 3.20E-5 2.25E-4  2.16E-4
P, .(mW) 150 150.12 5.2 43.2 5 43.5 5.4
Output Noise (dBm/Hz) N.A. -141 N.A. -180 -155 -150.5 N.A
NF(dB) 7.5 32.8 26.8 9.3 18.9 23.3 11.4
FOM 35.93 0.01 0.01 1.87 5.09 0.01 20.3

* approximated by P45 =IIP; -9.6dB
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4.8 Discussion

This chapter has discussed the innovating approach of a 6.02 GHz second-order
active bandpass filer utilizing Q-enhanced complementary-conducting-strips (CCS)
half-wavelength resonators in a standard CMOS 0.18 um technology. The loss
compensation mechanism is valid only when the cross-coupled pair circuit is
differentially operated. Accompanying even mode signals within the Q-enhanced
half-wavelength resonator will be attenuated automatically. Through experimental
results and theoretical analysis, the insertion loss of the proposed architecture could
be independently controlled from the filter’s center frequency, 3-dB bandwidth,
reflection zeros, and outband rejections. The filter’s stability had also been
theoretically investigated. When thé transmission- gain was 0.56 dB, the active filter
was free from oscillation. Regarding the foise:property, both an equivalent noisy
two-port network and an analytic. 'expression are presented and give physical
explanation of the noise contributions. within the active filter. Comparing with other
published works in GaAs, CMOS, and SiGe technologies, the realized design shows
advantages in terms of small chip area, low power consumption, modest noise figure,
and modest Pi4s. In addition, it is for the first time that CCS TL is used for realizing
monolithic active bandpass filter at C-Band in CMOS technology. The insufficient
noise and linearity characteristics need to be further improved for practical

applications.

78



CHAPTER 5

Conclusion

In this dissertation the design and application of the meandered CMOS
monolithic complementary-conducting-strips transmission line (CCS TL) have been
presented which has made CCS-TLs based active filter at low microwave frequency
range possible. Two innovating approaches adopting negative resistance circuits for
realizations of C-Band active bandpass filters were experimentally and theoretically
investigated. This chapter summarizes the contributions and recommendations for

future researches.

5.1 Contributions

1. Three advantageous guiding propetties ofthe meandered CCS TL compared to the
meandered microstip have been theoretically demonstrated in standard CMOS
technology. In addition, meandered CCS TL with unequal connecting arms (S)
and central patch (W) has even better characteristics than the one with equal S and
W also in the same perspective.

2. Various techniques of active inductor, active resonator, and negative resistance
circuitry have been surveyed for suitability of realizations in standard CMOS
technology.

3. Loss-free active CMOS meandered CCS TL from 1 to 5.5 GHz has been
developed with an enhanced slow wave guiding property owing to the increase of
unit-length capacitance introduced by A-type MOSFETs.

4. An active-filter architecture incorporating Q-enhanced half-wavelength CCS TL

79



resonator has been experimentally and theoretically investigated. The loss
compensation mechanism is only activated when the phase difference across the
composite half-wavelength resonator satisfies the requirement of the
cross-coupled pair circuit for generating negative resistance.

Insertion loss of the proposed filter architecture could be controlled independent
from other filer characteristics, such as 3-dB bandwidth, outband rejections, and
center frequency. Good superiors-mode suppressions are also observed thanks to
the loss compensation technique.

The noise contribution from the cross-coupled pair circuitry at the passband for
the proposed active bandpass filter has been analyzed and useful formula has been
given. Stability analyses for the proposed filter with transmission gain and
insertion loss have also been catried out.

The required chip area is comparable 'to other monolithic active filers employed
lump LC elements with negative resistance-circuit at C-Band both in CMOS and
GaAs technologies. Also, this 1s‘the fist time that the meandered CCS TL has been

applied in monolithic CMOS active bandpass filter design at C-Band.

5.2 Future Researches

The nonlinearity introduced by the cross-coupled pair circuit and its effect on the

prototype active bandpass filter is not covered in this dissertation. An investigation at

these effects may help to lower the distortion of the proposed filer. Development of

Q-enhanced CCS TL based resonators of low resonance frequencies may extend the

application of the proposed filter architecture at even lower microwave frequencies.

Furthermore, design optimization for insertion loss and noise characteristic by

employing high-Q passive CCS TLs can be investigated in order to produce low noise
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and low insertion loss filter characteristics. Finally, application of the proposed filter

architecture to radio receivers or transmitters is the ultimate goal of this dissertation.
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