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Fig. 4.6. (a) Layout of type A inductor (b) The micrograph of (a) implemented in a 
0.13 µm CMOS process. (c) Measured inductance with 6 GHz self-resonance 
frequency.  The inductance is measured between V+ and V- nodes by use of an HP 
8510C network analyzer. 

(c) 
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Although the measured frequency tuning range of the inductor in Fig. 4.6(a) is the 

largest among active inductors reported so far, higher operating frequency range is 

desired. The frequency limitation in Fig. 4.6(a) is mainly caused by the DC biasing 

condition of transistors M1 and M2.  When gm7 (or gm8) changes, gm1 (or gm2) will change 

in the opposite direction, because the DC biases of the transistor M1, 2 are supplied by the 

drain voltage of M5, 6. When gm7 (gm8) increases by increasing Vcon2, the DC bias at the 

gates of M1, 2 decreases and they may even enter the cut-off regions (gm1 and gm2≈0), then 

this circuit ceases functioning and will not yield the inductor characteristics.  On the other 

hand, when gm7 (gm8), decreases by lowing Vcon2, the DC bias at the gates of M1, 2 will 

increase automatically.  Therefore, gm1 (or gm2) and gm7 (or gm8) are dependent, so stable 

 
 
Fig. 4.7. Measured inductance and Q factor of type A inductor between V+ and V- 
nodes by HP 8510C.  Vcon1=0.65 V, Vcon2=0.55 V and Vdd=1.2 V. 
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DC biases for M1, 2 are needed.  With some brief discussions in [4.14], we proposed to 

add the coupled inverter pair in Fig. 4.5 to form a new active inductor, type B.  The 

addition of the coupled inverter pair improves the DC bias conditions of the circuit, and 

simultaneously provides negative resistors to increase the Q factor of the inductor. 

Small signal analysis yields equivalent circuit parameters of the improved 

inductor structure.  Expressions (4.17) to (4.22) below, help guide the design of the 

inductor. 

5 9 11
5 7 9 11

1 1 1 1
m m mG g g g

R R R R
= + + + − − −                                      (4.17) 

 

inC C=                                                                                 (4.18) 

 

1 3 1 3

1 7 3

L L

m m

C C C C C C
L

g g C

+ +
≈                                                       (4.19) 
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2( )

LC
Q

R R C LG
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Cin is the parasite capacitance at the input point. C1 is the parasite capacitance 

between node 1 and ground; C3 is the parasite capacitance between node 2 and node 1.  

RL and CL are the resistance and capacitance between node 2 and ground. gmi and Ri are 

the transconductance and channel resistance of transistor Mi.  The introduction of the 

cross coupled inverter pair will reduce G in (4.17).  Equation (4.18) shows that 

capacitance C increases due to the introduction of this inverter pair.  Equations (4.19) and 

(4.20) indicate that there is little change for L and R since gm1 (or gm2) will not be affected 

directly by gm7 (or gm8) and can be tuned independently to some extent.  Then, the 

inductance can be tuned over a larger range, so higher self-resonance frequency can be 

obtained according to (4.22). 

In the design of the improved active inductor, the main circuit’s parameters are 

shown in Table 4.2. The active area of the improved active inductor is 40 µm×70 µm. 

The post layout simulation results show better performance than type A in Fig. 4.6(a). 

The operating frequency is tunable from 300 MHz to 10 GHz and inductance value is 

tunable from ~1 nH to 100 nH. Fig. 4.8 shows the post layout simulation results of the 

improved active inductor. 

 

TABLE 4.2 Circuit Parameters of Improved Active Inductor 
 

Transistors Size(µm/µm) Transistors Size(µm/µm) 
M1, M2 156/0.2 M7, M8 39/0.12 
M3, M4 13/0.12 M9, M10 13/0.12 
M5, M6 117/0.18 M11, M12 13/0.12 
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IV.  Power Divider Design and Results 

 
Two improved active inductors are used in Fig. 4.2 (a). Three C1 are varactors. 

The Q factor and symmetrical characteristics of C1 are important. In this design, two C1 

in Port 1 are combined together.  The C1 between Port 2 and Port 3 is separated into 

identical two varactors and then in parallel but with anode and cathode electrodes 

switched.  The DC biases of the two identical varactors are combined together into Var2 

with AC isolation (large resistors). The DC bias of the two combined varactors C1 is Var1. 

The active area of the tunable power divider is 300 µm×265 µm in a 0.13 µm CMOS 

process and the active area is shown in Fig. 4.9. 

 

 
Fig. 4.8. Post layout simulation results of the improved active inductor in Fig. 5(a).  
Impedance Zin=1/Yin. 
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The simulated S11 and S22 results are shown in Fig. 4.10 from 1 GHz to 7.5 GHz.  

The valleys of S11 and S22 nearly coincide at the 1 GHz and 2 GHz, which indicates 

simultaneous good-match at the ports. As the frequency is increase, the two valleys are 

progressively separated, which indicates that simultaneous good-match is not possible 

due to the increase of varactor’s resistance.  If -20 dB taken as the maximum accepted 

match condition for all ports, the operating center frequency of the power divider can be 

 
 
 
Fig. 4.9 Active area of the tunable power divider in a 0.13 µm CMOS process. 
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VDD  Port 2 
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tuned from 1 GHz to 7.5 GHz within this bound. Fig. 4.11 presents the S21 parameters 

under the same conditions.  The loss is around 4 dB in the frequency range.  In the 

commercial CMOS technology, the varactor tuning range is limited (the maximum 

Cmax/Cmin≈5 according the IBM process model) and cannot satisfy the targeted 

application according equation (4.2).  Further expansion of the power divider tuning 

range requires further work on improving varactor tuning range as well. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 4.10. Solid lines and dash lines are S11 and S22 of the power divider at different 
operating center frequencies.  The dotted line indicates the S11 and S22 at the 
operating frequencies. 

Indication 
line 
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Fig. 4.11. S21 of the power divider.  The dashed line indicates S21 at the operating 
frequencies. 

Indication 
line of S21 
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V. Conclusions 

 

A new lumped-element compact power divider is proposed and analyzed.  

Compared with current power divider circuits, the new power divider is least sensitive to 

the losses of varactors and inductors.  A differential active inductor with 6 GHz self-

resonance frequency is measured.  The measured inductance tuning range is 0.9 nH~5 nH 

from 500 MHz to 5 GHz.  The inductor can be used in the design of the proposed power 

divider. To further improve the operating frequency range of the inductor, an improved 

structure is analyzed.  The post layout simulation results show a self-resonance frequency 

as high as 10 GHz. Using the improved inductors and varactors from a commercial 0.13 

 
 
Fig. 4.12 The S11, S22, S23 and S21 of the power divider at 4 GHz center frequency. 
Vcon1=0.67 V, Vcon2=0.54 V. 
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µm CMOS process, the design of the proposed power divider is tunable from 1 GHz to 

7.5 GHz with -20 dB or better match at all ports.  To further 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 range of the possible components 

for a six-port reflectometer. The second Chapter, the effort is to obtain a broadband 

source generator, and a voltage-controlled ring oscillator is presented. A sensor amplifier, 

which can operate at very high frequency, is added to the normal differential amplifier to 

sharpen the rising and falling edges.  Then a three-stage ring oscillator using the proposed 

oscillator is designed. To extend the frequency range to the low frequency direction, two 

weak inverter oscillators are added to the differential ring oscillator. The circuit is 

implemented in a 0.13 µm CMOS process to verify the theory. The measurement tuning 

range is from 430 MHz to 12 GHz, which satisfies the initial target 1 GHz~10 GHz. 

In the third Chapter, a high-Q differential active inductor is proposed to figure out 

the low self-resonance frequency limitation of the differential active inductor structure. 

Post layout simulation results show that the inductance is tunable from ~1 nH to 100 nH 

with operating frequency tunable from 300 MHz to 10 GHz. The inductor is designed in 

0.13 µm CMOS process with an area of 40 µm×70 µm. To verify the high frequency 

performance, a π-model lumped-element power divider is designed with the proposed 

active inductor at the 9.5 GHz center frequency. The post layout simulation results show 

that the isolation and matching scatting parameter is better than -20 dB with an insertion 

loss of ~3dB. The miniaturized Wilkinson power divider occupies 160 µm×170 µm, 

which is suitable for system integration. 
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In the forth Chapter, a new compact lumped-element power divider, which is 

insensitive to the losses in varactors and inductor compared to the existing lumped-

element power divider architectures, is proposed and analyzed. Measured results of a 

differential active inductor, which is targeted for tunable power divider applications, are 

presented. The inductor is tunable from 500 MHz to 5 GHz with inductance value tunable 

from 0.9 nH to 5 nH. The maximum self-resonance frequency is 6 GHz, which falls short 

of the target 1 GHz to 10 GHz. After this structure is improved, the self-resonance is 

boosted to higher than 10 GHz, which is demonstrated by post-layout simulations. With 

the improved active inductor, the proposed compact power divider is designed in a 

CMOS 0.13 µm process with a core area of 300 µm×265 µm. The power divider can be 

tuned from 1 GHz to 7.5 GHz as demonstrated by posy-layout simulation. 

  

Future work 

For the VCO, noise analysis is needed. As for the active inductor, improving the 

power consumption can be further discussed using the current recycling structure. At 

present, the tuning range of the power divider is limited by the tuning range of the 

varactors, which are supplied by the vendor. The other disadvantage of the varactors is 

the larger effective series resistor (ESR) in the high frequency. Large value ESR seriously 

distorts the performance of the power divider. The future direction is to find new tunable 

capacitor structures, which can supply larger tuning range and supply lower ESR in high 

frequency.      
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Appendix A 

L, C, R’s Derivation for the Proposed Power Divider in Chapter Four 

 

 

 

 

 

 

 

 

 

 

 

In 1968, Cohn described an even- and odd-mode technique for analyzing the 

symmetric two-way power divider [A1.1]-[A1.2] that can be used to determine the circuit 

parameters for these power dividers. In the even-mode shown in Fig. A.2 (a), for 

impedance to match a Port 1 and Port 2, the following equation must be fulfilled: 
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Here, ω is the angular frequency of the designed center frequency f0. In the odd 

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

 
Fig. A.1 Proposed Lumped-Element Power Divider 
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From (A1) and (A2), the parameters in Fig. A1 can be determined. 
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Fig. A2. (a) Even mode circuit for Fig A.1. (b) Odd mode circuit for Fig. A1. 
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Appendix B 

S-Parameters Derivation for the Proposed Power Divider in Chapter Four 

 

 

 

 

 

 

 

 

 

 

 

According to the even- and odd- mode analysis in Appendix A 
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If we take the parasitic resistor in the capacitor to be R1, then the capacitor C1 is 

replaced by the series of resistor R1 and the capacitor C1 according to the MOSVAR 

model of [B1.1]. 

 

 

 

 
Fig. B1 Schematic of proposed power divider. 
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Even-mode analysis 

The even-mode schematic appears in Fig B2. 

 

 

 

 

 

 

 

 

An equivalent circuit to the circuit Fig B2 is shown in Fig. B3. 

 

 

 

 

 

 

 

 

Then the parameter can be determined according [B1.2]: 
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Fig. B2 Schematic of even-mode including parasitic resistor in the capacitor 

 
Fig. B3 Equivalent circuit of Fig. B2. 
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where 1

eZ presents the impedance in Port 1 in the even- mode analysis circuit. 
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where 1

eΓ presents the reflect coefficient in Port 1 in the even- mode analysis circuit. 
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where 2

eZ presents the impedance in Port 2 in the even- mode analysis circuit. 
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where 2

eΓ presents the reflect coefficient in Port 2 in the even- mode analysis circuit. 
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where 2

eV presents the voltage in Port 2 in the even- mode analysis circuit. 
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where 2

eV + presents the input voltage in Port 2 in the even- mode analysis circuit. 
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where 2

eV − presents the reflect voltage in Port 2 in the even- mode analysis circuit. 
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where 1

eV presents the voltage in Port 1 in the even- mode analysis circuit. 
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where 1

eV + presents the input voltage in Port 1 in the even- mode analysis circuit. 
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where 1

eV − presents the voltage in Port 1 in the even- mode analysis circuit. 
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Odd mode analysis 

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

 

 

 

 

 

 

 

 

The equivalent circuit of Fig B4 is shown in Fig. B5. 

 

 

 

 

 

 

 

Then the parameter can be determined according [B1.2]: 
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Fig. B4 Schematic of odd mode. 

 
Fig. B5 Equivalent circuit of Fig B4. 
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where 2

oZ presents the impedance in Port 2 in the odd- mode analysis circuit. 
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where 2

oΓ presents the reflect coefficient in Port 2 in the odd- mode analysis circuit. 
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where 2

oV presents the voltage in Port 2 in the even- mode analysis circuit. 
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where 2

oV + presents the input voltage in Port 2 in the odd- mode analysis circuit. 
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where 2

oV − presents the voltage in Port 2 in the odd- mode analysis circuit. 
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When Z0 >>R1, S11 can be simplified to the following 
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When Z0 >>R1, S22 can be simplified to the following 
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When Z0 >>R1, S12 can be simplified to the following: 
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According to the symmetrical structure and the theory, then 
 
S21=S12=S31=S13 
 
S33=S22 
 
S23=S32=0 
 

Then all the scatting parameters 
11 12 13

21 22 23

31 32 33

S S S

S S S

S S S

 
 
 
  

 are defined. 
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