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Fig. 4.6. (a) Layout of type A inductor (b) The nagraph of (a) implemented in a
0.13 pum CMOS process. (c) Measured inductance withl5 $glf-resonance
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8510C network analyzer.
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Although the measured frequency tuning range ofriladtor in Fig. 4.6(a) is the
largest among active inductors reported so far, higipmrating frequency range is
desired. The frequency limitation in Fig. 4.6(a) is mhaicaused by the DC biasing
condition of transistors Mand M. Whengn7 (or gmg) changesgm: (or gm2) will change
in the opposite direction, because the DC biaseseofransistor M , are supplied by the

drain voltage of M & Whengns (gmg) increases by increasingonz the DC bias at the
gates of M , decreases and they may even enter the cut-off e@pnandgms0), then
this circuit ceases functioning and will not yield thductor characteristics. On the other
hand, whergm,; (Ong), decreases by lowing..n, the DC bias at the gates ofy M will

increase automatically. Therefomg,; (or gm2) andgmz (Or gmg) are dependent, so stable
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DC biases for M , are needed. With some brief discussions in [4.14], wpgsed to
add the coupled inverter pair in Fig. 4.5 to forrmeav active inductor, type B. The
addition of the coupled inverter pair improves the Bi@s conditions of the circuit, and
simultaneously provides negative resistors to increas® faetor of the inductor.

Small signal analysis yields equivalent circuit paransetef the improved

inductor structure. Expressions (4.17) to (4.22) welbelp guide the design of the

inductor.
1 1 1 1
C=—+—+—+—- 5 Ymo T Ini1 4.17
R5+ Ry+ F$+ R Ons ~ Oro— O (4.17)
C=C, (4.18)
L GG+ GG+ GG (4.19)
gmlgm7C3
1 1 1 1
Cl+3)+ C(f+ FG (ot G)
R R R) R_R (4.20)
gmlgm7c3
e
Q~ (R*+ R C+ LG (4.21)

|1 | CR
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Cin is the parasite capacitance at the input pdhatis the parasite capacitance
between nodd and groundC; is the parasite capacitance between ridbdad nodel.

R. andC_ are the resistance and capacitance betweenzadd groundgm, andR are
the transconductance and channel resistance of translstoThe introduction of the
cross coupled inverter pair will reduce G in (4.17kquation (4.18) shows that
capacitanc€ increases due to the introduction of this invertér. paquations (4.19) and
(4.20) indicate that there is little change foandR sincegm: (0or gm2) Will not be affected
directly by gm7 (or gnmg) and can be tuned independently to some extent.n, Tihe
inductance can be tuned over a larger range, sehggif-resonance frequency can be
obtained according to (4.22).

In the design of the improved active inductor, thermmarcuit’'s parameters are
shown in Table 4.2. The active area of the improwad/e inductor is 40 umx70 pum.
The post layout simulation results show better performanae type A in Fig. 4.6(a).
The operating frequency is tunable from 300 MHz toGz and inductance value is
tunable from ~1 nH to 100 nH. Fig. 4.8 shows the pagbut simulation results of the

improved active inductor.

TABLE 4.2Circuit Parameters of Improved Active Inductor

Transistors) Size(um/pm)Transistors| Size(um/pm)
M1, My 156/0.2 M, Mg 39/0.12
M3, My 13/0.12 M, M1 13/0.12
Ms, Mg 117/0.18 M, M2 13/0.12
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Fig. 4.8. Post layout simulation results of the improaetive inductor in Fig. 5(a).
Impedanc&,=1/Yin.

IV.  Power Divider Design and Results

Two improved active inductors are used in Fig. 4)2 ThreeC, are varactors.
The Q factor and symmetrical characteristicCofare important. In this design, twi&
in Port 1 are combined together. T@Ge between Port 2 and Port 3 is separated into
identical two varactors and then in parallel buthwénode and cathode electrodes
switched. The DC biases of the two identical varactse combined together intQ,
with AC isolation (large resistors). The DC bias oftive combined varactorS; is Va:.
The active area of the tunable power divider is B@®%265 um in a 0.13 um CMOS

process and the active area is shown in Fig. 4.9.
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Fig. 4.9 Active area of the tunable power divideai0.13 pm CMOS process.

The simulateds;; andSy; results are shown in Fig. 4.10 from 1 GHz to 7.5 GHz.
The valleys 0ofS; and S, nearly coincide at the 1 GHz and 2 GHz, which éatés
simultaneous good-match at the ports. As the frequengyrease, the two valleys are
progressively separated, which indicates that simultangood-match is not possible
due to the increase of varactor’s resistance. [fdRGaken as the maximum accepted

match condition for all ports, the operating centeqgfiency of the power divider can be
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tuned from 1 GHz to 7.5 GHz within this bound. Hgll presents th&,; parameters
under the same conditions. The loss is around 4 dBerfréguency range. In the
commercial CMOS technology, the varactor tuning ramgdimited (the maximum
Chna{Cnmir=b according the IBM process model) and cannot satisty tdrgeted
application according equation (4.2). Further exgpan of the power divider tuning

range requires further work on improving varactoinigmange as well.

0
5-10-
AN
0
D200
(D o v R Y- Y BTN O S
)]
U‘_) -30| Indicat
line E
41 2 3 4 5 6 7 s

Frequency(GHz)

Fig. 4.10. Solid lines and dash lines &eandS;, of the power divider at different
operating center frequencies. The dotted line atdethes ; andS;, at the
operating frequencies.
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V. Conclusions

A new lumped-element compact power divider is proposed analyzed.
Compared with current power divider circuits, the nmwer divider is least sensitive to
the losses of varactors and inductors. A differenttéiva inductor with 6 GHz self-
resonance frequency is measured. The measured indaittgneg range is 0.9 nH~5 nH
from 500 MHz to 5 GHz. The inductor can be usethandesign of the proposed power
divider. To further improve the operating frequemagge of the inductor, an improved
structure is analyzed. The post layout simulation reshlbw a self-resonance frequency

as high as 10 GHz. Using the improved inductors amactars from a commercial 0.13
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pum CMOS process, the design of the proposed power diddanable from 1 GHz to
7.5 GHz with -20 dB or better match at all ports. fiidher expand the frequency tuning

range, the varactors’ tunabilities need to be studied
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CHAPTER FIVE

DISCUSSION AND CONCLUSION

This thesis focuses on extending the frequency rangigegbossible components
for a six-port reflectometer. The second Chapter, dffiert is to obtain a broadband
source generator, and a voltage-controlled rindlasmi is presented. A sensor amplifier,
which can operate at very high frequency, is adddeti¢ normal differential amplifier to
sharpen the rising and falling edges. Then a threg-siag oscillator using the proposed
oscillator is designed. To extend the frequency raadbe low frequency direction, two
weak inverter oscillators are added to the diffeagénting oscillator. The circuit is
implemented in a 0.13 um CMOS process to verify therjhddhe measurement tuning
range is from 430 MHz to 12 GHz, which satisfies thiaitarget 1 GHz~10 GHz.

In the third Chapter, a high-Q differential actimeluctor is proposed to figure out
the low self-resonance frequency limitation of thdedéntial active inductor structure.
Post layout simulation results show that the inductas¢eniable from ~1 nH to 100 nH
with operating frequency tunable from 300 MHz to@Hz. The inductor is designed in
0.13 pm CMOS process with an area of 40 umx70 um. Tiéy ke high frequency
performance, a-model lumped-element power divider is designed withgraposed
active inductor at the 9.5 GHz center frequencye Ppbst layout simulation results show
that the isolation and matching scatting parameterttertnan -20 dB with an insertion
loss of ~3dB. The miniaturized Wilkinson power dividercupies 160 pmx170 um,

which is suitable for system integration.
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In the forth Chapter, a new compact lumped-elementepadivider, which is
insensitive to the losses in varactors and inductor coedpto the existing lumped-
element power divider architectures, is proposed aradyzed. Measured results of a
differential active inductor, which is targeted tonable power divider applications, are
presented. The inductor is tunable from 500 MHz @+H& with inductance value tunable
from 0.9 nH to 5 nH. The maximum self-resonance frequen6yGHz, which falls short
of the target 1 GHz to 10 GHz. After this structuseimproved, the self-resonance is
boosted to higher than 10 GHz, which is demonstrateplolsy-layout simulations. With
the improved active inductor, the proposed compactepoiwider is designed in a
CMOS 0.13 um process with a core area of 300 umx265Thenpower divider can be

tuned from 1 GHz to 7.5 GHz as demonstrated by pgsutssimulation.

Future work

For the VCO, noise analysis is needed. As for ther@atiductor, improving the
power consumption can be further discussed using thenturecycling structure. At
present, the tuning range of the power divider istédiby the tuning range of the
varactors, which are supplied by the vendor. Therotlisadvantage of the varactors is
the larger effective series resistor (ESR) in thé fiigquency. Large value ESR seriously
distorts the performance of the power divider. Tharidirection is to find new tunable
capacitor structures, which can supply larger tumargge and supply lower ESR in high

frequency.
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Appendix A

L, C, R’s Derivation for the Proposed Power DivideGOhapter Four

C —
1 — L
Port 2
Zo
Port 1 R
ﬁ C2
% Zy
L Port 3
C

Fig. A.1 Proposed Lumped-Element Power Divider

In 1968, Cohn described an even- and odd-mode waohrfor analyzing the
symmetric two-way power divider [A1.1]-[A1.2] thaawe be used to determine the circuit
parameters for these power dividers. In the even-modarshn Fig. A.2 (a), for
impedance to match a Port 1 and Port 2, the followogation must be fulfilled:

1
jaC
1
jaCy

27, x

L joly=Z,. (A1)
27, +

Here,w is the angular frequency of the designed centeuéegyf,. In the odd

mode shown in fig. 2 (b), for matching at Port 2, equa(A2)

72



1

j2wC2+3+_i
R JolL

=7,. (A2)

From (Al) and (A2), the parameters in Fig. Al can &emnined.

Z 1
R=2Z,L=—%andG=G= : A3
% b 2rf, «=G Ar f,Z, (A3)
Port 1 Port 2 . otz
27y L1 Zo

Ci

— L, Zog 2C,

= mm

(@) (b)

Fig. A2. (a) Even mode circuit for Fig A.1. (b) Odubde circuit for Fig. Al.
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Appendix B

S-Parameters Derivation for the Proposed Power Diwd€hapter Four

Fig. B1 Schematic of proposed power divider.

According to the even- and odd- mode analysis in ApipeA

Zo andC=C,= .
2r f, Ar f,Z,

R=27, L= (B1)

If we take the parasitic resistor in the capacitobedz;, then the capacitdt; is
replaced by the series of resis®r and the capacito€; according to the MOSVAR

model of [B1.1].
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Even-mode analysis

The even-mode schematic appears in Fig B2.

Port 1 Port 2

27, Ry Z

Cl —— C\/ Vgg=2V0

Fig. B2 Schematic of even-mode including parasiticstesin the capacitor

An equivalent circuit to the circuit Fig B2 is shownFig. B3.

Port 1 . Port 2
274 7, Ry =—— C, Zy
Z5°
Vg2=2Vo
-

Fig. B3 Equivalent circuit of Fig. B2.
Then the parameter can be determined according [B1.2]

. . Z .
]a)ol-:]a)ogo:]zw (BZ)

0
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Ja’ocl_ja) ! i
° 2w,2,
1
: C
= RN Doy2
R = R[1+( R )]
27
=R[1+(=2)7] ,
R[1+( R )]
4z}
=R+ R
1 . 1
ja)oCi = —JZZO[1+1—]
@,C, \2
( R )
_ R’
- J220[1+4Z§] ’
_ R
= J(220+ZZO)
Z:=R]| ,-a,lc' (oo L+ Z,)
_ 1
14z2+ : R joL+zZ
R+—°% —J(ZZO+TZO) 0 0
1+ ))Z,(RI +4Z7)

T @+ [)RZo+ 20+ )Z2+R

(B3)

(B4)

(BS)

(B6)

where Z presents the impedance in Port 1 in the even- modgsisalrcuit.



re_ Z;-22,
Z:+227,
@+)Z,(RP+422)
_ @+ )RZ -2 )Z+ R
L+ ))Z, (R +420)
@+ R Z,+ 201+ )25+ R
_ (L jZR-20+ RZ
B+ R’ +8(1+ j )22+ 2(k | RZ,

(B7)

+27Z,

whereT’; presents the reflect coefficient in Port 1 in therevaode analysis circuit.

) : 1

= jo,L+2Z,||R [F—=

JoC,

1
1 1 1 ' (B8)
+ -+

27, R+ 4Z;
R
4 2 24 R R+ 2022R)
A+ 5+ RZ+ R

=]Z,+

iez.+ R
i(2Zo+ )

where Z; presents the impedance in Port 2 in the even- modgsisalrcuit.

rg:ZZG_ZO
Z;+ 7,
AL+ |25+ (2+ | 2R+ 2jZ5 Rl)
40+ )25+ RZ,+ R %
4(1+J)Zo+(2+J)Z R+ 2jZ) Ri)
A1+ |25+ RZ+ R
_ (1+ )R+ 21+ [ R Z,
B3+ )RI+8(1+ j )25 + 2(1+ | R.Z,

(B9)

whereT; presents the reflect coefficient in Port 2 in therevaode analysis circuit.
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Vv, = Z 2
z5+27,
AL+ )23+ (2+ | ZRP + 2jZ2R)
_ 41+ 25+ RZ,+ R X N/ (B10)
A0+ )5+ (2+ [ R+ 21Z5R) 5 °
40+ )22+ 2RZ,+ R °
A j2E+ 2+ iR+ 2RZ,
C B+ RE+8L+ )22+ 2 [ RZ,°

whereV, presents the voltage in Port 2 in the even- modeysisatircuit.

VZH: V2 e
1+T,
__AQ+ o+ iR+ 2RZ,
B+ j)R*+8(1+ j 22+ 21+ | RZ,  ° (B11)

1
(L+ R +2¢-1+ )R Z,
(3+ )RC +8(L+ )25 + 2+ | RZ,

=V,
whereV," presents the input voltage in Port 2 in the even- nao@dysis circuit.

vV, =V, T
@RI+ 201+ R Z, (B12)
T+ IRIHB(+ )25+ 21 | RZ

whereV, presents the reflect voltage in Port 2 in the eveode analysis circuit.
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C o1
2Z,|IR Ilj.w—oCi
Z:+ 2, 29
2Z,(R +4Z)

_ (RR+4Z5)+2Z,(R+2jz) WA (B13)

AQ+ )25+ (2+ JZ R+ ZJZ§R1)+Z °

41+ X5+ RZy+ R °

_ 4R +420) y

81+ j )22+ (3+j R+ 2+ j RZ, °

Ve =

whereV,°presents the voltage in Port 1 in the even- modéysis circuit.

Ve
1+T;
4R +422) y
_ 8L+ )2+ B+ R+ 2(k | RZ, ' (B14)

(-1+ )Z,RY —2(1+ )R Z,
(3+ )RC +8(L+ )25 + 2+ | RZ,
2

=2V
1+ 0

whereV,” presents the input voltage in Port 1 in the eveoderanalysis circuit.

Vi© =V
_ 2 : Vo % (_1_: j)ZORlz._ 22(1+ J)Rlzé , (815)
1+ ] B+ R +8(+ ] o+ 2 | RZ,
_ (_1+ j)ZoRlz — 2(1+ J)R12§ (1_ ])\/
(3+ ))RZ+8(L+ | )22 + 2(1+ | R Z, ’

whereV,* presents the voltage in Port 1 in the even- modéyais circuit.
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Odd mode analysis

The schematic of the odd-mode is shown in Fig. B4.

Port 2

Port 1

2, == QY Vv

Fig. B4 Schematic of odd mode.

The equivalent circuit of Fig B4 is shown in Figh.B

Port 2

e
C,

Z°

V92:2Vo

Fig. B5 Equivalent circuit of Fig B4.

Then the parameter can be determined accordin@[B1.

L-% (B16)
Wy

C-——1_ (B17)
20,2,
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R, = R+ (2hy)= R+ 20 (B18)

+—,
R R
1 1 w,L , R?
: =- L+ (25)) =-iZ, 1+ =), (B19)
joC, 2oL, R, ° Z;

0 1
Z; = jo L || Z, IR, [F—=
JoC,

1
1 1 1 1 ' (820)
izttt =
o %o R4S iz, @42

R Z;

__ Z(Z+R)
Z;+(1- DRI+ RZ

where Z; presents the impedance in Port 2 in the odd- modlysis circuit.

rg-%-%
22 + Z0
Z(Z+R)
_Z+(@-)RP+RZ °
Z(Z+R) (B21)

0 )

Z2+(- )R+ RZ
_Z+Z,R-Z-(- )RZ- RZ
Z3+Z,R+ Z+(1- )R %+ RZ
____jR*-Rgz
222+ (2- )R’ +RZ

whereI; presents the reflect coefficient in Port 2 in tlel-omode analysis circuit.
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Vv, = % 2

zo+2, °
Zy(Zs+ R)
__Z+@-)R+RZ
LZAR)

Z;+(1- DRI+RZ 7

_ Z;+R
223+ (2- IR+ R,

(B22)

x 2V,

whereV,’ presents the voltage in Port 2 in the even- modéysis circuit.

Vg
1+T,

Z;+ R oy
_2Z+(2-))R+Rz  ° (B23)
. R-RZ
22 +(2- )R+ R%
:VO

whereV,” presents the input voltage in Port 2 in the odddenanalysis circuit.

Vzoi = V;”l"g

v jRP-RZ, : (B24)
272+ (2- j)R*+RZ

whereV,” presents the voltage in Port 2 in the odd- modéyaisecircuit.

AR/
S-l - V10+ +\/16+
=T¢ , (B25)
(2R -20+ RZ
(3+ )R’ +8(L+ | )Zg+ 2(+ | RZ,
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When % >>R;, S;; can be simplified to the following

~_ R
ST 2Z.+R’ (B26)

V4V

V) 4+ V)
_VTR AV, T

Ve e

— S5+
1 R-Rz,

2225+ (2- )R+ RZ

L+ DR +2C1+ )R Z,
(3+ )R +8(L+ )25+ 2(I+ | RZ,

Sy

(B27)

)

When % >>R;, S, can be simplified to the following

Szzz%[zz_Rl P ol )L S (B28)
ot R4+ )2+ (B R

_Vle"f'\/lo

Se = VE+VP

4(F212+4Z§) V., +0 [x
8+ )22+ (3+ R+ 2(r | RZ, °
1
A0+ )25+ (2+ | R+ 2R Z, W+ Z+ R <N
B+ )R’ +8(1+ j}Ze+ 2+ [ RZ, ° 2+ (2 R+ RZ °
_ 2(8Z, + 4Z;R+ 4(2- IR+ Z R+ (2= )R
16(1+ j o + (6+ 10 ZoR+ (24 17 IR+ (6 T %,R+ B | R

(B29)
When % >>R;, S;» can be simplified to the following:
S, ~ .820 +4R —— (B28)
8(1+ ), + (3+ 5 R
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According to the symmetrical structure and the thethen

$1=515=S31=S13

S35=S22
S$5=S3=0
ST
Then all the scatting parameterS,;, S, S;| are defined.
ST
REFERENCES

[B1.1] J. Victory, Z. Zhu, Q. Zhou, W. Wu, G. Gildenbl&, Yan, J. Cordovez, C.
McAndrew, F. Anderson, J. C. J. Paasschens, R.Laagevelde, P. Kolev, R.
Cherne, C. Yao, “PSP-Based Scalable MOS VaractaelfolEEE 2007 Custom
Integrated Circuits ConferencPage(s):495-502m, September 2007.

[B1.2] Thomas H. Lee “The Design of CMOS Radio-Frequenugdrated Circuits,
Second Edition, Chapter 3,"Cambridge UniversitysBr2004.

85



