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Abstract

Both the second and third order intermodulation linearities (I P3 and IP2) are char-
acterized on 28nm RF MOSFETs. The impacts of biasing, device size, frequency, and gate
length on I P3 are discussed. With both DC and RF tuning, the PSP core model based
design kit provides reasonable fitting result, enabling comparison of IP3 simulation with
measurement. Effective gate voltage I P3, a figure-of-merit for I P3 extracted from RF IP3
measurement is proposed to include important output conductance related nonlinearities
and compared with traditional gate voltage I P3.

The real part of Y22 is generally fitted by adjusting body resistance, which is found to
be insufficient experimentally. A new tradeoff between imaginary part of Y22 and real part
of Y22 fitting is identified and used to enable fitting of both real and imaginary part of Y22
across a wide range of frequency and bias.

For 200 GHz HBTs, a simplified model is used to analyze characterization result of I P2.

The impacts of biasing, device size, frequency and breakdown version on I P2 are discussed.
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Chapter 1

Introduction

Modern CMOS technology scaling is no longer just a matter of shrinking physical
dimensions. A key to down scale the equivalent oxide thickness (EOT) in recent technologies
is the replacement of classic poly-Si gate/SiO, gate stack with a high-k dielectric/metal gate
stack. Given the tremendous interest in scaled RF CMOS and RF system-on-chip that inte-
grates digital and RF functions, it is necessary to examine the RF performance of the core
transistors in these scaled technologies.

Intermodulation linearity is an important consideration for RF technologies. In this
dissertation, both third and second order intermodulation linearities are investigated on a
28nm high-k/metal gate (HKMG) RF CMOS technology by using both measurement and
simulation. We focus on I P3 as it is more relevant. Third order intermodulation products
are close to the fundamental frequencies of interest and cannot be filtered out. Mixing of
adjacent channel interferers produces undesired output in the frequency band of interest.
Third order nonlinearities are also responsible for desensitization and cross-modulation.

From a gate capacitance perspective, poly depletion effect is no longer present with the
use of metal gate, the change of gate-to-source capacitance C,, with gate voltage is less in
strong inversion, and linearity should improve compared to poly-gate transistors according to
[1]. That analysis, however, assumed velocity saturation at the source, which is not the case
in today’s advanced CMOS. Scaling, and the associated changes in doping, effective oxide
thickness, strain are all expected to change device I — V' characteristics as well as the various
transconductance nonlinearities, output conductance nonlinearities, and cross nonlinearities.

Typical compact model parameters are extracted by fitting DC -V curves and sometimes

first order derivatives. A good fitting does not necessarily guarantee good accuracy of



higher order derivatives, which are difficult to evaluate experimentally due to the increase of
numerical and experimental error in differentiation. Direct RF intermodulation measurements
are therefore necessary, as shown in this dissertation together with simulations using a
compact model with DC I-V and Y-parameter calibration. Details for both DC and RF
tuning are included in Chapter 4.

High frequency (HF) modeling is challenging. The body resistance is generally raised to
increase real part of Y22 (real(Y22)) in order to minimize the difference between simulation
and measurement. In fact, the main contribution for real(Y22) comes from the capacitance
between drain and body in series with a parallel connection of the capacitance between drain
and source and the body resistance. Therefore, the body resistance should be increased to-
gether with the capacitance between drain and body in order to improve frequency dependence
of real(Y22). For Vs dependence of real(Y22), a technique to normalize bias dependence at
all frequency is needed. First, output conductance should be excluded from real(Y 22) as it
is relatively large and makes other Vg-dependent contributions to real(Y 22) unidentifiable.
Second, frequency itself should be taken out to expose the real Vs dependence.

For HBTs, there is a number of literature available to discuss third order intermodulation
linearity as third order output is close to the fundamentals [2]. Second order intermodula-
tion linearity has received much less attention, in part because second order intermodulation
products are far away from the fundamentals, and may be filtered [3]. While differential
circuits can decrease second order nonlinearity, cancellation is not complete, and is wors-
ened by transistor mismatch. The same second order nonlinearity also produces dc off-
set, which presents a significant problem for direct-conversion receivers [4]. Therefore, RF
characterization of second order intermodulation linearity is important to provide I P2 design
guidelines collector current, collector-emitter voltage, transistor size and breakdown voltage
version.

In this chapter, two tested technologies are introduced with DC and cut-off frequency

characteristics. Ips—Vas, Ips—Vps and cut-off frequency versus Ipg are presented for 28nm



HK/MG RF CMOS technology. For 200 GHz HBT technology, maximum allowable collector-
emitter voltage is obtained from output characteristics for different breakdown versions.
Cut-off frequency for different breakdown versions is compared as a function of Io. With a
simple power series, the second and third intermodulation products are introduced. At last,

outlines and contributions of this dissertation are summarized.

1.1 Tested RF CMOS and HBT technologies

1.1.1 28nm HK/MG RF CMOS technology

Figure 1.1(a) shows typical Ips— Vg characteristics of a 30nm device from the examined
28nm technology. Figure 1.1(b) shows measured cut-off frequency fr as a function of Ipg.
A 304 GHz peak fr is reached at 0.45 mA/ pm at Vpg = 1.05 V. Figure 1.1(c) shows typical

Ips — Vpg characteristics.

1.1.2 200 GHz HBT technology

Devices of three breakdown voltages are measured, including standard breakdown voltage
(SBV) HBT, medium breakdown voltage (M BV') HBT, and high breakdown voltage (HBV')
HBT. Higher breakdown voltage usually means lower doping concentration. Figure 1.2 shows
the output characteristics in an effort to avoid making devices operate in breakdown region.
All three HBTs have the same emitter area of 0.12x18 um? and are driven by the same base
current. Maximum collector-emitter voltage (Vog) is chosen as 1.9, 2.5 and 3.1 V for SBV,
MBYV and HBYV devices.

Figure 1.3 shows measured current dependence of cut-off frequency for SBV and HBV
HBTs with Ag = 0.12x18 pum?. Vgp = 1.9 V. For simplicity, cut-off frequency is related to
I by

C (1.1)
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Figure 1.1: Measured (a) Ipg versus Vgg; (b) fr versus Ipg and (c) Ipg versus Vpg for the
examined 28nm technology.
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Figure 1.2: Measured output characteristics of HBTs with different breakdown voltage. Ip
= 20 nA, 100 pA, 200 pA, 300 pA.

where 7r is the forwarding transit time, ¢ = % is the thermal voltage and C} is the total
junction depletion capacitance [5].

Prior to high injection, 7 and C; are constant for typical RF applications. So fr
increases with I both SBV and HBT HBTs. This explains why high bias is favored by
circuit designers to make use of high performance (speed). However, at sufficiently large
bias, base push-out (or Kirk effect) happens due to partial replacement of the collector base
depletion region by neutral base region. This results in the increase of effective width of the
base region, which in turn increases the forward transit time and decreases fr substantially.

The current density for the onset of Kirk effect (Jo kirk) can be expressed as [6]

26(‘/03 + qbzn)

1.2

JC,Kirk = quatNDC[l +

where v,y is the electron saturation velocity, W is collector thickness, Np¢ is uniform

collector doping concentration, and ¢; represents the built-in potential of the collector base

5
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Figure 1.3: Measured cut-off frequency versus I for SBV and HBV HBTs at Vog = 1.9

V. Ap = 0.12x18 pm?.

depletion region. SBV HBT has a high collector doping concentration and therefore allows

high current operation.

1.2 Intermodulation linearity

For a two-tone input with the same amplitude (A), v;,(t) = Acos(wit) + Acos(wat),

output v, can be expressed as:

Vour = apA®+
9 13 9 13
+(m A+ ZCLgA Jeos(wit) + (a1 A + ZCLgA )cos(wat)
1 1
—|—§a2A2005(2w1t) + §a2A2cos(2w2t)
+as A%cos (SRR t) + a2 A%cos (RN )
1 1
+Za3Agcos(3w1t) + Za3A3cos(3w2t)
3 3
+Za3A3cos((-)t) + ZagA?’cos((Zwl + wo)t)
3 3
—i—ZagAgcos((-)t) + Za3A3cos((2w2 + wy)t)

DC' component
Fundamental
HD2

IM?2

HD3

IM3

IM3 (1.3)



where second and third harmonic distortion products (H D2 and H D3) and second and third
intermodulation products (I M2 and I M3) are produced at 2wy /2ws, 3w /3wa, (wa—w1)/(we+
wy), and (2w; — ws)/(2wy — wy), correspondingly. More details are shown in Appendix A.
As shown in Figure 1.4, third order intermodulation linearity is typically considered, as
third order intermodulation products (2w; — ws and 2w, — wy ) are close to the fundamentals

while second order intermodulation products (ws — wy and wy + wq) are far away from the

fundamentals.
wl w2 f
Fundamental

Figure 1.4: Ilustration of spectrum output for a two-tone input.

1.3 Outlines and contributions of this dissertation

This dissertation focuses on the characterization and modeling of intermodulation lin-
earity for both RF MOSFETs and SiGe HBTs. In addition, design kit calibration and
modeling of real(Y22) are investigated for RF MOSFETS.

In Chapter 1, 28nm high-k/metal gate (HKMG) RF CMOS and 200 GHz HBT tech-
nologies tested are introduced.

In Chapter 2, S-parameter and intermodulation linearity measurements are explained
with helpful measurement techniques. Extraction of the important DC loss inside S-parameter

measurement system is illustrated with measurement data.



In Chapter 3, both the second and third order intermodulation nonlinearities (IP3
and I P2) are characterized on 28nm RF MOSFETs. With a focus on IP3, the impacts of
drain current, drain voltage, device size, frequency, and gate length on I P3 are discussed.
Volterra series is used to derive an analytical expression of I1P3, which is proved close to
simulation and measurement result. Based on this analytical expression, the effective gate
voltage I P3, a figure-of-merit for I P3 extracted from RF IP3 measurement is proposed to
include important output conductance related nonlinearities and compared with traditional
gate voltage I P3.

In Chapter 4, The original design kit for /P3 simulation is not customized for tested
devices. Five parameters in the core PSP model are identified to be effective to model drain
current at different Vgg. With both DC and RF tuning, the kit is improved and able to
predict measured I P3.

In Chapter 5, modeling of real(Y22) is discussed. real(Y22) is generally fitted by
adjusting body resistance, which is found to be insufficient experimentally. A new tradeoff
between imaginary part of Y22 and real part of Y22 fitting is identified and used to enable
fitting of both real and imaginary part of Y22 across a wide range of frequency and bias.

In Chapter 6, characterization result of second order intermodulation linearity on SiGe
HBTs is presented. An IP2 model is proposed to explain measured impacts of collector
current, device size, frequency and breakdown version on IP2. Design guidelines for high
1 P2 are provided.

In Chapter 7, major conclusions of this dissertation are summarized.



Chapter 2

RF measurement techniques

RF modeling heavily relies on the accuracy of measurement data as extrinsic components
play an important roles at high frequency and high bias applications. In addition, special
de-embedding and calibration procedures are involved in DC, S-parameter and intermodu-
lation linearity measurement.

In this chapter, on-wafer S-parameter and intermodulation linearity measurements are
discussed. Extraction of cabling and contact resistances is introduced with an example
on 40 GHz RF cables and probes. In addition, measurement setup and procedures of S-
parameter are discussed. Measurement system for intermodulation linearity is explained

with useful techniques included.

2.1 Measurement system

The complete measurement system is controlled by Matlab programs using GPIB bus.
As shown in Figure 2.1, the system is mainly consisted of a pair of Agilent E8257D PSG
analog signal generators, an Alessi REL-4300 thermal probe station, an HP 437B power
meter (PM), an Agilent 8563EC PSA series spectrum analyzer, an Agilent E8364B PNA
series microwave network analyzer, an Agilent 6625A as DC power supply for intermodulation

linearity measurement, and HP 4155C as DC power supply for S-parameter measurement.
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Figure 2.1: Measurement system.
2.2 S-parameter measurement

2.2.1 Cabling and propbe resistances

RF losses due to cabling and connectors are calibrated on network analyzer. However,
the ohmic loss can not be excluded and stays within the measurement system. This leads
to an inaccurate larger DC voltage than actual value DC bias in S-parameter simulation,
resulting in incorrect RF modeling result. So overall ohmic loss on cables, bias tee, connector
and contact of the S-parameter measurement system is suggested to be accurately measured
and recorded for device modeling [7].

As shown in Figure 2.2, coaxial cables, connectors, BNC cables, bias tee sets in network

analyzer, and RF cables all result in cabling resistance. In addition, contact resistance exists
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due to non-ideal contact between RF probe and metal pad. In following discussion, cabling

and contact resistances are denoted as (Reupe + Rpiast) and Reontact, correspondingly.

4155C
Rear panel <---- Semiconductor analyzer

00,00

Coaxial cable

----- Connection box

BNC cable

8364B
----- network analyzer

Ground

Wafer
short

ISS
short

Figure 2.2: Measurement setup for cabling and contact resistances.
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In order to extract the total ohmic loss, a short de-embedding structure or any on-wafer
metal line should be probed by using a ground-signal-ground (GSG) RF probe. In this case,
total resistance is (Reapte + RpiasT + 1.5 Reontact) @8 Reontact 0N signal path (S) is in series
with two Reontaet in parallel on two ground (G) paths. If one needs to distinguish contact
resistance from total resistance, the short standard on impedance standard substrate (ISS)
can be probed. Assuming an ideal contact on the gold short standard, the resistance network
can be simplified to (Reapie+ Rpiast) as shown in Figure 2.3. The resistance difference between

two times of probing is 1.5Rontact-

Ground

Wafer
short

ISS
short

Figure 2.3: Extract of cabling and contact resistances.

Figure 2.4 shows an example of measured cabling and contact resistances by using
an Infinity RF probe from Cascade Microtech. With measuring the output voltage for

a sweeping current input from 5 to 25 mA, Rewe + Rpiast 18 extracted when probing an

12



ISS short standard. On average, Reune + Rpiast is 1.38 . Replacing probing with short
de-embedding structure, average Reupe + RpiasT + Reontact 18 Obtained as 1.47 2. Therefore,

R oontact 18 about 80 mS).

R

3

cable+RbiasT+Rcontac
t\o

Ny

+
i Rcable RbiasT

Resistance (Q)
|_\

0.5 _
R
CcO ntact\
oL o o o )
5 10 15 20 25

Current (mA)

Figure 2.4: Measured cabling and contact resistances.

Total cabling and contact resistances (Reapie + RpiasT + Reontact) can be modeled by a test
circuit including these resistances parallel with an ideal capacitor should be created to make
sure these resistances do not affect S-parameter simulation result [8]. This makes simulation

setup is the same as the actual measurement environment.

2.2.2 Measurement setup

Figure 2.5 shows the diagram for S-parameter measurement system using internal bias
tee sets of the Agilent E8364B PNA Series microwave network analyzer, which is valid to

measure up to 50GHz with 2.4 mm input. The internal bias tee inputs using female BNC
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connectors with maximum voltage of 40 V and maximum current of 200 mA. So DC biasing

for S-parameter measurement is limited below 200 mA. Detailed procedures for S-paremeter

measurement are given in Appendix D.

4155C
-=---- Semiconductor analyzer

Rear panel

Coaxial cabl
-+---- Connection box
BNC cable
P4 N
35888
unnug Eﬂﬂﬂ
5283~ 558 83648
_§ EEE[]@E'::' <---- network analyzer
&
o
© Port 1
RF cable
_| On-chip DUT
[ Fr e
| [ ]| 4378
:> e | =) @) ) &
LY v guyel gy 7
SESEEDS| | © (|@
N W A

Figure 2.5: Diagram for S-parameter measurement setup.
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2.3 Intermodulation linearity measurement

2.3.1 Measurement setup

Figure 2.6 shows the experimental setup used, which is similar to the setup in [9].
Broadband 50 €2 terminations are used in this work so that they do not filter out the
second order harmonics which may remix with the fundamental output to produce third
order intermodulation (IM3). Devices are probed on-wafer using Cascade Infinity GSG
probes. Two Agilent signal sources are synchronized and combined using a power combiner
to produce a two tone input. Attenuators are used to reduce the intermodulation within the
sources. The automatic level control (ALC) function in the sources is turned off to minimize
intermodulation generated by the sources. An HP-6625 power supply is used to provide
precision DC biases. A spectrum analyzer is used to measure the output spectrum. Power
meters are used for calibration of power loss on cables and probes.

As the intermodulation products are as small as -90 dBm, it is critical to optimize
spectrum analyzer settings such as input attenuation and filter bandwidth to increase sen-
sitivity of the analyzer, and at the same time to minimize the intermodulation distortion
of the mixers inside the analyzer, which are conflicting goals [10]. The settings need to be
different or optimized for different input power, and vary with device and bias. Analyzer
setting is optimized for each measurement to minimize analyzer /M3 and maximize signal
to noise ratio. For each bias point and frequency, the input power is swept and the third
order intercept is obtained by extrapolation. The analyzer setting is optimized dynamically
for each input power level. The measurement system intermodulation is verified to be well
below the intermodulation from the device under test. The upper (2f2 — f1) and lower
(2f1 — f2) IM3 are the same in our measurements.

Fig. 2.7 shows intermodulation measurement result at 2 GHz with a 1 MHz tone spacing
for a 30nm MOSFET at Vg = 0.46 V and Vpg = 0.6 V. Device total width W,y is 256 um.

Gate finger width Wy is 1pm, number of finger Ny is 16, and multiplicity M = 16. Output
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Figure 2.6: Measurement setup for /P3 and I P2.

power is measured at 2.000, 2.001, 1.999, and 2.002 GHz, which are corresponding to first

order (f1, f2) output and third order intermodulation (2f1-f2, 2f2-f1) output levels.

&TTENM LO4BE VAYE 10
AODULE

aus"RRE

FH_NBISE

CEMTER 2.000G00GME
AN JOkHZ VEE I0kMZ SUF EO.0E®

Figure 2.7: Measured output spectrum with a two-tone input at 2 and 2.001 GHz.
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2.3.2 Extrapolation of intermodulation linearity

Figure 2.8(a) and (b) illustrates how I P3 and I P2 are determined for a 30nm MOSFET
biased at Vg = 0.44 V, Vpg = 0.6 V. Device total width is 256um. Gate finger width Wy
is 1pm, number of finger Ny is 16, and multiplicity M = 16. At low P,,, first order output
P, 15 increases linearly with P, at a slope of 1:1, while the third and the second order
intermodulation output (P,ut 3.4 and Py onq) increase at slopes of 3:1 and 2:1, respectively.
IP3 is obtained as the extrapolated intercept of F,,; 15 and P,y 3-4 in a region of P, where

the ideal slopes are observed. The input and output powers at I P3 are denoted as I1P3

and O P3.
oIP3 | | |
-~ O P 44—
= out,1st
2
= z
5 -50} N ]
n° VGS—O.44V
VDS—O.6V 1P3
-100 ' ' : :
-30 -20 -10 0
P. (dBm) (a)
Ororz S T ~
~ Or
E
S 20
= Symbol: measurment
a® ~40r 2:1  Line: Fitting _
—60r T | | P2
-30 =20 =10 0
Pin (dBm) (b)

Figure 2.8: Extrapolation illustration for (a) IP3 and (b) IP2.
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(2.1) and (2.2) show how IIP3 and OIP3 are obtained from measured Pt 1st, Pout 3rd

and Py, in dBm [11].

Pou st Pou r
[IP3 = —oublst 5 Lird 4 p, (2.1)
and

3P0ut,lst - Pout,Srd

IP3 =
OIP3 5

(2.2)

Figure 2.9(a) and (b) show measured I7P3 and OIP3 determined by both upper and
lower I M3 as a function of input power. For both I7P3 and OIP3, the difference between
upper and lower I M3 methods is less than 1 dB, which is our measurement tolerance.

Similarly, we can obtain I/ P2 and OI P2 from the extrapolation intercept of P, 15 and
Pt ona. Figure 2.10 is an example of measuring /1 P2 for an HBT of standard breakdown
voltage (SBV) with an emitter area (Ag) of 0.12x18um?. P, is swept from -37 dBm to -5
dBm.

To simulate I P3, quasi periodic steady state (QPSS) analysis is used in Cadence Spec-
treRF to calculate two-tone large signal behavior [12]. For each bias point, a series of
input power level is swept. The output is plotted using ipnVRI function to ensure the
extrapolation point for I P3 is within the linear range, in the same manner / P3 is determined

in measurement illustrated earlier in Figure 2.8.

2.4 Measurement techniques

Due to the extrapolation nature for  P3/1 P2 measurement, small error of output power
makes a big difference for ultimate result. In addition, spectrum analyzer itself needs to be
calibrated and optimized. To improve linearity measurement accuracy, several strategies are
implemented in this work. Some examples are given below.

The difference between I1P3 and OIP3 is gain. Forward voltage gain S21 from
S-parameter measurement should be close to the gain from intermodulation linearity mea-

surement, which is used in this work as a reference to check power calibration and therefor
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Figure 2.9: Measured (a) [/P3 and (b) OI P3 from both upper and lower /M3 as a function
of input power at 5 GHz. Vg =0.6 V, Vps =0.6 V

measurement accuracy. Figure 2.11 compares measured gain with S21 for a 30nm MOSFET
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Figure 2.10: Fundamental output power P, 15 and second order intermodulation power
Pyt ona versus Py, illustrating /P2 calculation for HBT.

at Vpg = 0.6 V. Device total width is 256um. Gate finger width Wy is 4um, number of
finger Ny is 16, and multiplicity M = 4.

Figure 2.12(a), (b) and (c¢) show measured /1 P3, gain and O P3 at 5 GHz using different
tone spacing (df = f2 — f1) for a 30nm MOSFET at Vpg = 0.8 V. Device total width is
256pm. Gate finger width W is 1pum, number of finger Ny is 16, and multiplicity M = 16.
As expected, tone spacing does not affect 11 P3 measurement result.

Figure 2.13 shows measured I P2 for a SBV HBT with different tone spacing at 5 GHz.
Vep = 1.5 V. Emitter area (Ag) is 0.12x3um?. Different tone spacing gives the same I1P2.
Therefore it is valid to use 1 MHz as tone spacing to discuss intermodulation linearity in
next few chapters.

As illustrated in Figure 1.4, second order intermodulation products are far away from
fundamental output power. Take 5 GHz with a 1 MHz tone spacing as an example, after

searching for peak amplitude at 5 (f1) and 5.001 GHz (f2), spectrum analyzer needs to
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Figure 2.11: Gain comparison between intermodulation linearity measurement and
S-parameter measurement as a function of Vgg. Vpg = 0.6 V.

change "frequency” and ”"span” setup twice to measure output power levels at 1 MHz
(f2— f1) and 10.1 GHz (f2+ f1). In addition, "reference level” is optimized by adjusting
internal attenuator for each output power to minimize resolution error. So second order
intermodulation measurement takes much longer time than third order intermodulation. In
this work, even with known bias information for peak I P2, it takes three hours or so to finish
one second order intermodulation measurement for one Vpog. So it is critical to implement
real-time monitoring technique to terminate measurement when noticeable errors show up.
Here 6 dB is used to verify the difference between second order intermodulation product
(2f2 — f1) and second order harmonics (2f1 and 2f2) [13]. The derivation is included in
Appendix A following [14]. Figure 2.14 shows measured difference between second order
harmonics and second order intermodulation products plus 6 dB. Device is the same in

Figure 2.10. Vpp is fixed as 0.5 V.
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Figure 2.12: Measured (a) 1/P3; (b) Gain and (¢) OIP3 as a function of Vg with different
tone spacing . Vpg = 0.8 V.
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Figure 2.13: Measured [1P2 versus I for different tone spacing at 5 GHz for a SBV HBT.
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Figure 2.14: Verification of 6 dB difference between IM2 with HD2 at 5 GHz for a SBV
HBT. Vop = 0.5 V.
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Chapter 3
Linearity in RF CMOS

This chapter presents experimental characterization, simulation, and Volterra series
based analysis of intermodulation linearity on a high-k/metal gate 28nm RF CMOS tech-
nology. A figure-of-merit is proposed to account for both Vs and Vpg nonlinearity, and
extracted from frequency dependence of measured I7P3 [15]. Implications to biasing current

and voltage optimization for linearity are discussed.

3.1 A new figure-of-merit Vg p3

Harmonic gate voltage I P3 of 28nm RF CMOS devices has been recently examined using
third-order derivative of Ips — Vg data [16]. However, no experimental RF measurement
of IP3 has been reported. Previous investigations using Volterra series analysis [17] showed
that such estimation using third-order transconductance nonlinearity alone is not sufficient
in characterizing transistor IP3. Drain conductance nonlinearity as well as cross terms
involving partial derivatives of Ipg with respect to both Vg and Vpg are also important
[18].

As IP3 in RF measurements is determined using available RF power of the voltage
source, the result in general depends on frequency, and cannot be directly compared with
traditional gate voltage I P3 that is defined using the gate voltage. We propose below a new
figure-of-merit that can be extracted from RF measurements so that meaningful comparison
with traditional intermodulation gate voltage I P3 can be made with ease. The new figure-
of-merit accounts for both V;g and Vpg related nonlinearities, and reduces to traditional
intermodulation gate voltage [ P3 when all of the Vpg related intermodulation products are

neglected.
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As mentioned earlier, in RF measurement, the intercept point is defined using RF input
power. The input third order intermodulation intercept point, I1P3, is thus dependent on
frequency, because of finite source impedance, which for our case, is a 50 €2 resistance. For
a given RF input power, the RF gate voltage varies with frequency, as transistor input
impedance varies with frequency. For analysis as well as estimation of I7P3 at another
design frequency from measurement at one frequency, it is desirable to find a figure-of-merit
that does not depend on frequency. Such figure-of-merit is more useful if it can relate to
the traditional figure-of-merit, gate voltage V' IP3, but also include effects of drain voltage
related nonlinearities. We derive such a figure-of-merit below using Volterra series analysis.

A simplified equivalent circuit as shown in Figure 3.1 is used. Gate-drain capacitance
(Cyq) is omitted, as the result is much simpler and sufficient for most purposes [17]. Rg = 50 €.

Cys is gate-to-source capacitance. Cy is drain capacitance. R; = 50 (2 is load resistance.

Figure 3.1: Simplified equivalent circuit used for I P3 derivation using Volterra series.

Up to third order, small signal nonlinear drain current 745 can be expressed as:

: _ 2 3 2 3
tds = GmUgs + Kng Ugs + K3gm Ugs + Govas + KZQO Vs + KSQO Vs + KQngO VgsUds

2 2
+K32gm g0 ngvds _'_ Kggm 290 Ugsvds (3 1)
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gm and go are transconductance and output conductance:

0lps
m = 2
Im = Fyr (3.2)
_ 0Olps

K, Ks,, Koy s K3, Ko Ks,, - and K3, - are nonlinearity coefficients that relate

to higher order partial derivatives as defined in [3]:

182]D5

——— 3.4

om0 9V (3.4)
10%1pg

= - - 3.5

3gm 6 avéis ( )
10%Ipg

20 = 5 V2, (3.6)
10%Ipg

S 3.7

390 6 aVDSS ( )

_ 10Ips 0lps (3.8)

20m90 " 2 OVes OVps ‘
10%Ipg Olpg

== 2Ds 3.9

P2omi0 6 9V Zg Vs (3.9)

o 1 8IDS 8ZIDS (3 10)

Som2g0 6(9\/(;5 8‘/]%5

Using the nonlinear current source method of Volterra series, I7P3 in Walt can be
derived [17]:
1+ w?C? RS 1

6Rg |K;& +A|

IIP3 = (3.11)
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where A = A1+As+A3+A,. Ay through A, are functions of nonlinear output conductance,

its high order terms and cross terms with transconductance nonlinearity as follows:

A, = —%Kggmgo IZ’;W 7y — % 520, 90 %2 (3.12)
Ay = 2 o Ko Zs+ 1K3 oo Gm s+ 1K§ Zs (3.13)
31420 1424, 3430200 3" 20ma0
A = —Ks, 9776 — % 20m a0 B 290 9m 27 (3.14)
A= §K§go 62 Zs (3.15)
Zy through Zg are given by:
7y = Zp(2w1) + 271 (w1 — we) (3.16)
Zy = Zp(wr) + [Ys(—w2) Y Hwr) + 2] (3.17)
Zy = 271 (w1 — we) Z1(wn) + Z1(261) Z1(—ws) (3.18)
Zy = Z7 (1) [2Vs(—wa) Vs H (wr) + 1] (3.19)
Zs =271 (w1 — w2) Zp(—w2) + Z1(2w1) Z1(—w1) (3.20)
Zs = Zi(w1) Zr(—ws) (3.21)
Zy = ZH (@) Z0(2w1) + 2Z1(2w1) + 621 (w1 — ws)] (3:22)
Zs = Z7(w1) Z1(—w2)[Z1(2w1) + 271 (w1 — wy)] (3.23)

with 77 (w) = and Ys(w) = RLS + jwCys. Detailed derivation of 17P3 in [19] is

1
R*1L+g0+jwc'd
reproduced in Appendix B.

A close inspection of the Volterra series based derivation details shows that at the

intermodulation /P3 point, the first order vy, has an amplitude of:

1

35 + A

Vasips = (3.24)
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For typical transistor sizes of interest, the A term is found to have a negligibly weak
frequency dependence, making Vg rps nearly frequency independent in practice. We thus
propose to use Vg rps as a figure-of-merit as it includes output conductance effect, and is
more general than the traditional VI P3 defined solely using K3, —and g,,. The designation
GS in the subscript refers to the fact that this is the Vi;g amplitude at the intercept. The
value of Vizg 1ps, however, is clearly a function of the Vpg dependence of Ipg, through the A
term.

Using Vs rps, Equation (3.11) can then be rewritten as

2 2 2
CgsR5VG3,1P3 2 VGS,IPB

1IP3 =
8 Y

(3.25)

(3.25) indicates that ITP3 increases linearly with w? and Vgg;p3 can be obtained experi-

mentally by plotting measured I1P3 as a function of w?. An example is shown in Figure 3.2.

x10~°
4 O Measurement | |

— Fitting

GS,IP3

S opd 2.... .yam SN
V2 o (BRY)

0 5 10
o (rad’/sec®) 4 10%

Figure 3.2: Measured I1P3 in watt versus w?. Vgg = 0.7 V and Vpg = 1.0 V.
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A linear fitting is made. The intercept with the I1P3 axis gives V557 1p3/8Rs. Note
that the unit used for I7P3 is watt instead of dBm. As measured /7P3 in dBm is shown in
Figure 3.3. The device has a drawn gate length of 30nm. Wy = 4 um. Ny = 16. Multiplicity
M = 4. The total width Wi, = 256pum. Vgg = 0.7 V and Vpg = 1.0 V. Measurement
frequency ranges from 100 MHz to 10 GHz. Within measurement uncertainty, the data
shows an expected linear dependence on the square of fundamental angular frequency. This
linear dependence of ITP3 on w? is found to be valid for other bias points as well. The

o C2,RgV2
slope is given by —*—*

212 from which Cy, can be extracted. The C calculated is fairly
close to that extracted from S-parameter measurements, thus supporting the validity of the

proposed technique.
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Figure 3.3: Measured I1P3 in dBm versus frequency. Vg = 0.7 V and Vpg = 1.0 V.

If we ignore the A term that originates from the vg4s dependence of ¢4, Vias rps reduces

4 Gm
VIP3 =,/ 3.26
3 Kggm‘ (3.26)

to




This is essentially the Vg 1p3 one would get if transistor drain current depends on Vg only.

In [16, 20], third order harmonic distortion VI P3 is expressed as

VIP3u, = [24] Kgm |

39m

(3.27)

This VI P3 differs from the third order intermodulation VI P3 in (3.26) by a constant.

3.2 Vgs dependence

Figure 3.4(a) shows both measured and simulated /1P3 at 5 GHz as a function of Vz5 at
Vbs = 0.6 V for a 30nm MOSFET. The total width Wi = 256pum. Wy =1 pum. Ny = 16.
Multiplicity M = 16. Vs = 0.7 V and Vpg = 1.0 V. Measurements and simulations are
also made at 2 and 10 GHz. At each Vg, from frequency dependence of I1P3, a Vs rps
is extracted. From 0.5 to 0.7 V, simulated /7P3 is higher than measured //P3 by as much
as 3.8 dB. This indicates that simulated I1P3 for such technologies may be optimistic. In
future work, model parameters can be further optimized to see if 17 P3 can be better fitted.
To our knowledge, there are no direct knobs to turn to tune higher order derivatives in
compact models. Improvement of /1P3 simulation may require new improvements of the
model formulation itself in addition to better parameter extraction and optimization.

Figure 3.4(b) shows the VIP3 calculated from K3, and g, using Equation (3.26).
Fitting of VIP3, which is determined by the first and third order derivatives of Ipg-Vig, is
clearly worse than the fitting of Ipg-Vig itself shown earlier in Figure 4.4.

Figure 3.4(c) and (d) show Vs rp3 and K3, as a function of Vigg. The K3, = 0 point
is clearly different from the measured /IP3 and Vs ps peak positions. The peak [1P3
Vs is 55 mV lower than the peak VIP3 Vigg. As was observed in 90 nm technology [17],
VIP3 does not correctly predict the linearity sweet spot, due to omission of the A term.
Around Vigs = 0.6 V, Vs rps and the traditional VIP3 are close to each other, as the A

term is small. Beyond its peak, I1P3 drops to a valley and starts rising slowly. However,
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Figure 3.4: Comparison of measured (a) IIP3 (b) VIP3 (c) Vgsrps and (d) K3, as a
function of Vgg with simulation at Vpg = 0.6 V.
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when Vg > 0.65 V, as the device gets closer to linear operation region, /1 P3 shows a slight

decrease.

3.3 Vpg impact

Figure 3.5(a), (b), (c¢) and (d) show measured IIP3, IIP2, Vgsrps, and VIP3 as a
function of Vg at Vpgs = 0.6 and 1.0 V. The same device as in Figure 3.4 is used. As can be
seen from Figure 3.5(a), I1P3 curves at high Vpg are shifted towards low Vg direction due
to decreased threshold voltage, a consequence of drain induced barrier lowering. In strong
inversion region, at the same Vg, a higher Vpg results in a higher 7/ P3. For instance, at
Vas = 0.8 V, I P3 increases by 7.7 dB when Vpg increases from 0.6 to 1.0 V. As shown in
Figure 3.5(b), I1P2 has a clear peak, though not as sharp as II1P3, around Vgg = 0.6 V,
in strong inversion. If both high I7P3 and high [1P2 are desired, the transistor should
be biased around Vg = 0.6 V, which is approximately 200 mV above threshold voltage. A
comparison of Figure 3.5(c) and (d) shows that the Vpg dependence of Vg ps and hence

11 P3 is insufficiently captured by VIP3, due to lack of v, related terms, as expected.

3.4 Impact of device size

Figure 3.6 shows measured I1P3 at 5 GHz for devices with W,y = 153.6 and 256m.
Note that the device finger widths are 0.3 and 1um respectively. At both very low and high
Ips, a large device gives a large I1P3. Both peak I1P3 value and peak I1P3 Ipg decrease
with device width. Narrow width effect clearly plays a role in affecting the position of the
linearity peak.

Figure 3.7 shows measured I1P3 as a function of Vg for two 30nm MOSFETs with
the same total width of 256um. As the device finger widths are both large, 2 and 4um
respectively, no narrow width effect is observed, and I1P3 is largely the same for the two

devices as expected.
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Figure 3.5: Measured (a) I1P3; (b) [IP2 and (c) Vgsrps and (d) VIP3 as a function of
Vg for different Vpg.
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Figure 3.6: Measured I1P3 at 5 GHz for two 30nm devices with different total width.
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Figure 3.7: Measured I1P3 as a function of Vg for two 30nm devices with same total width.
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3.5 Impact of channel length

Channel length is one of important design variables for RFIC design. In fact, the scaled
channel length in latest RF CMOS technologies provides sufficient cut-off frequency to meet
speed requirement so that the channel length can be sacrificed to trade for other performance
specifications.

As reviewed by Vigips in Figure 3.4(b), both Vg and Vps nonlinearities need to
considered. Otherwise one will end up with inaccurate result as shown in Figure 3.4(b).
However, these two groups of nonlinearities both affect the impact of channel length on I P3.
Considering other device parameters are the same, a longer channel length weakens both
drain induced barrier lowering and channel length modulation effects, resulting in reduced
output conductance gy and its nonlinearities. However, a shorter has a stronger carrier veloc-
ity which in turn gives a more linear transconductance g, [21]. Due to well known difficulty
to fine tune the design kit to model higher order nonlinearity terms for both g,, and gy, it is
hard to conclude which effect dominates over the other.

Like previous RF CMOS technologies, the 28nm HKMG RF CMOS technology we
examined provides multiple oxide thickness devices for flexible circuit designs. According to
[21], thicker oxide devices provide better linearity compared to thin oxide devices. for lack of
the same device configuration (Wy, L, N¢, and Wise), in this work,we cannot conclude that
oxide devices dominates thin oxide ones. Below both Vs and I1P3 dependence of 1 P3 are
examined separately for both cases.

Figure 3.8(a) and (b) show measured [/P3 and Gain as a function of Vg for thick
oxide devices with different channel length at 5 GHz. Vpg = 1.5 V. Each device has same
total width (Wi = 128um), finger width (W = 2 pm), number of fingers (N; = 8), and
multiplicity (M = 8).

For thick oxide devices, scaling down channel length shifts peak I1P3 Vg toward lower
Vs values due to decreased threshold voltage by short channel effect (SCE), which can be

explained by shift of peak K3 Vg in Figure 3.9. In strong inversion, channel length has a
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Figure 3.8: Measured (a) IIP3 and (b) Gain as a function of Vg for three thick oxide
devices with different channel length. Vps = 1.5 V.
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Figure 3.9: Measured K as a function of Vizg for thick oxide devices with different channel
length at Vpg = 1.5 V. Devices have the same total width.
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small impact on /P3. For example, scaling down channel length from 250nm to 120nm only
increases [1P3 by 1.9 dB at Vg = 0.76 V. In subthreshold region, decreasing L effectively
increases power gain. At Vg = 0.41 V, Gain is increased by 18.0 dB with L decreased from
250nm to 120nm.

Figure 3.10 shows measured [/P3 as a function of Ipg for devices in Figure 3.8.
Vps = 1.5 V. For whole Ipg range, IIP3 is similar to 120nm and 150nm devices. The
11 P3 peak occurs at a lower Ipg in longer channel devices. Well past I1P3 peak, when Ipg
is below 0.2 mA /um, I1P3 is increased by 3 dB or so by scaling L up from 150nm to 250nm
for same Ipg. This suggests that a longer than minimum channel length device is beneficial

to improve linearity when gain requirement is satisfied.
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Figure 3.10: Measured I1P3 as a function of Ipg for three thick oxide devices with different
channel length. Vpg = 1.5 V.

Figure 3.11 shows measured [1P3 as a function of Vgg for devices in Figure 3.8 at
Vps = 0.8 V. Interestingly, 11 P3 does not have a as smooth plateau with V;g as in Figure
3.8, but a much higher I'7P3 shows up at Vgg = 1.5 V. Between Vgg = 1.4 and Vigg = 1.6 V,
devices with different length have similar I7P3 for the same Vgg. This indicates, in this

range, channel length does not need to be sacrificed much to achieve high I7P3.
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Figure 3.11: Measured I1P3 as a function of Vgg for thick oxide devices with different
channel length at Vps = 0.8 V. Devices have the same total width.

Figure 3.12(a) and (b) show measured I1P3 as a function of Vg and Ipg for thin oxide
devices with different channel length at 5 GHz. Vpg = 1.0 V. Two devices same total width
(Wiotar = 128pm), finger width (W, = 1 pm), number of fingers (Ny = 16), and multiplicity
(M = 8). Similar to oxide devices, scaling down channel length results in a shift of peak
1IP3 Vgs toward a lower value, which makes a shorter channel device have a much larger
11 P3. For example, at Vg = 0.49 V, I1P3 for 40nm device 9.1 dB larger than 60nm device.
This indicates, in weak inversion, both higher gain and higher linearity can be obtained by
choosing shorter channel length for thin oxide devices. Figure 3.12(b) shows that, for the

same current, 40nm and 60nm devices have the same I1P3.

3.6 Impact of frequency

As indicated by (3.25), as Rg and Vggrps are frequency independent, the frequency

impact on IIP3 is mainly affected by Cys as well as the square of omega frequency. Figure
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Figure 3.12: Measured 1 P3 as a function of (a) Vg and (b) Ipg for two thin oxide devices
with different channel length. Vps = 1.0 V.

3.13(a), (b) and (c) show measured I1P3, Gain and OIP3 at different frequency (f1) for
the same device in Figure 3.4. Vpg = 1.0 V. High frequency gives a high I7P3 and a low

gain at same Ipg. OIP3 is same same for different frequency.

3.7 Analytic expression of I/P3

Figure 3.14(a) compares measured I1P3 with simulation and calculation by (3.11) as a
function of Vg for the device in Figure 4.3. Vpg = 0.6 V. Comparison of Ipg dependence is
shown in Figure 3.14(b). For both Vs and Ips dependence, Volterra series based analytic

expression (3.11) accurately captures I1P3 variation in both weak and strong inversion
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frequency.
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regions. This provides an easy way to distinguish nonlinearity contributions without using

full Volterra series analysis.
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Figure 3.14: Comparison of measured I7/P3 with simulation and calculation by (3.11) as
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To understand how contributions of A term affects Vs dependence of I1P3 in analytic

expression (3.11),
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Figure 3.15. Vps = 0.6 V.
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Below VGS =04 V

U7 plays
a predominant role for the denominator of (3.11). Above VGS =0.4 V, the absolute values of
A1l and A2 are much larger than A3 and A4, meaning Al and A2 are more important at
high Vizs compared to A3 and A4. At very high Vg (close to Vg =1 V), A4 is a positive
number and increases quickly with Vg while Al, A2 and A3 are negative numbers. This
suggests A4 has a strong impact in this Vgg range.

Figure 3.16(a) and (b) show calculated (3.11) and the denominator in (3.24) a function
of Vgs. The black line is obtained usmg —Jam only in the denominator. Green, blue and red
lines are obtained using a denominator value of 39’” + Al + A2, 39’“ + Al + A2 4+ A3,
and o 4 A1 4+ A2+ A3 + A4, respectively. As expected, calculated (3.11) in black by
% is merged with the full (3.11) expression in red when Vg is smaller than 0.4 V. Below
Ves =0.5 V or so, calculated (3.11) in green by Ksom 1 A1+ A2 can accurately predict I1P3
shape and peak 1 P3 Vgg. For Vg smaller than about 0.9 V, A3 helps determine the 11P3
values. At very high Vgg, A4 is important.

Figure 3.17(a), (b) and (c) show calculated I7P3 by (3.11), ng + A and B 4 A
as functions of Vgg at Vpg = 0.6 and 1.0 V. The 0.5 V shift of peak ITP3 VGS clearly
originates from the same magnitude of shift for K;’% and therefore 22 A as shown by
the zoomed-in view in Figure 3.17(b) and (c). Four contributions of A term barely affects

ITP3 as discussed above.

Fig. 3.18 (a)-(f) show &

and 1.0 V. Y-axis range is scaled to the same. Al and A2 are more sensitive to Vpg increase
compared to A3 and A4 at same Vgg. Below Vgg = 0.7 V or so, Al increases with Vpg
while A2 decreases. Above 0.7 V, Al becomes positive and further cancels out with negative

K;’M. So, at high Vgg, Al is the most important term in response to Vpg increase.
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Chapter 4
CMOS model calibration

There are two 28nm high k/ metal gate RF CMOS technologies tested in this dissertation.
The one for RF modeling has BSTM core model, which will be discussed in chapter 5. The
one for I1P3/1P2 discussion in chapter 3 has PSP core model [22]. The initial parameter
values are for base line digital CMOS transistors of the same technology and need to be
tuned fit DC characteristics for tested devices.

Figure 4.1 compares measured [pg versus Vg with simulation using the original design
kit at Vpg = 0.6 and 1.0 V for a 30nm device with a total width of 153.6um. Gate finger
width Wy is 0.3um, number of finger Ny is 32, and multiplicity M = 16. Without DC
tuning, the design kit totally overestimates drain current at both Vpg. In order to model
intermodulation linearity on RF MOSFETS, netlist description and extrinsic components’
parameter are optimized to accurately describe both DC and RF behavior using measured
I — V characteristics and S-parameters.

In this chapter, five key parameters for drain current fitting are introduced according
to the compact model manual [22]. Then improved Ips-Vigs and Ips-Vps are presented by
tuning these model parameters to fit the measurement. With adjustment of gate resistance,

reasonable Y-parameter fitting results are obtained.

4.1 Key PSP parameters to drain current fitting

The version number of the PSP compact model is 103.1. PSP103 is a surface potential
based compact MOSFET model including important physical effects, such as mobility re-

duction, velocity saturation, drain-induced barrier lowering, gate current, etc. PSP103 can
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Figure 4.1: Comparison of simulated Ipg versus Vg with measurement at Vpg = 0.6 and
1.0 V.

give an accurate description of currents, charges, and their first and higher order derivatives,
which leads to an accurate description of electrical distortion behavior [22].

Table 4.1 lists five key parameters to account for sub-threshold, mobility and velocity
saturation calculations. (4.1) through (4.5) show corresponding model equations without

temperature scaling.

Model parameter | Affected region or effect Description
cT Sub-threshold Interface states factor
DPHIB Threshold voltage Offset of ¥
s Weak inversion Coulomb scattering parameter
MUE Phonon scattering Mobility reduction coefficient
THESAT Strong inversion Velocity saturation parameter

Table 4.1: Five key DC parameters in PSP.

48



CT = [CTO + CSL(Lﬂ)CTLEXP]( 1+ o ey

T, W ) (4.1)

L
DPHIB = DPHIBO + DPHJBL(_LEN)DPHIBLEXP n
E

Wiy L
Wen | pprrpwiexles (4.2)

DPHIBW
Wg WgLg

WE N
Wk

CS =[CSO + CSL(Lﬂ)CSLEXP]u +CSW

- ) (4.3)

WE N

MUE = MUEO(1+ MUEW) i
E

(4.4)

L
THESAT = [THESATO—FTHESATL(% iN)THESATLEXP]
PE LE

L
(1 + THESATW "YEN )1 ¢ THESATLW Y ENEEN

Meanings of the various symbols can be found in [22]. In Figure 4.2, the effective regions
in which the five key parameters have a big impact are highlighted by using Ipg versus Vggs
on both linear and log scales. For sub-threshold region, C'T" determines the slope on log
scale. DPHIB affects threshold voltage and body effect. CS describes Coulomb scatter-
ing in moderate inversion. MUFE is responsible for phonon scattering in strong inversion.

THESAT is important to fit drain current at very high Vggs.

4.2 Improved DC and Y-parameter fittings

With the observation above, DC tuning is done with many trials. Figure 4.3 compares
simulated Ipg versus Vpg with measurement at Vgg = 0.4, 0.6 and 0.8 V for the device
in Figure 4.1. For each Vgg, good agreement of simulated Ipg is achieved compared to
measurement. For the same device in Figure 4.3, Figure 4.4(a) and (b) compare simulated

Ips versus Vgg with measurement using linear and log Ipg scales, respectively.
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Figure 4.3: Comparison of simulated Ipg versus Vpg with measurement at Vg = 0.4, 0.6
and 0.8 V.
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For Y-parameter fitting, extrinsic gate resistance is found to be insufficient and therefore
is increased. For the same device in Figure 4.3, Figure 4.5 (a), (b), (¢) and (d) compare
simulated Y11, Y21, Y22 and Y12 as a function of frequency at Vgg = 0.6 V and Vpg = 0.6
V. For the frequency of interest (below 10 GHz), the improved design kit is able to provide

reasonable fitting result.
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at VGS = 0.6 Vand VDS =0.6V.
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Chapter 5
Y22 modeling

High frequency (HF) modeling of MOSFET is more challenging compared to low fre-
quency application, because it requires accurate prediction of bias dependence of small-signal
parameters, correct description of nonlinear behavior, reasonable resistance networks, a bias
dependent overlap capacitance model, and HF noise model [23].

In this chapter, both frequency and bias dependence of real(Y22) of 28nm HKMG
RF MOSFETSs are shown to deviate from measurement data. According to the derived
real(Y 22) expression, the body resistance and the capacitance between drain and body nodes
are identified to help improve frequency dependence of real(Y22) and therefor are tuned in
the same time. A technique to normalize bias dependence at all frequency is proposed. Back
gate transconductance is found to be responsible for weak bias dependence of real(Y22)
and should be strengthened. By increasing the body resistance and the capacitance between

drain and body nodes, Y22 fitting is improved considerably.

5.1 real(Y22) problem

Figure 5.1 compares measured frequency dependence of real(Y 22) with simulation using
the original design kit at different Vg for a 30nm device. Vgg = 0, 0.2, 0.4, 0.6, 0.8 and
1.0 V. Vpg = 0.6 V. The device has a drawn gate length of 30nm with a total width of
8 pm. Wy = 1uym. N; = 8. Multiplicity M = 1. For all biases, simulated real(Y22) fails
to respond to frequency increase. At high frequency, the difference between simulation and
measurement is even larger compared to low frequency. Body resistance is initially raised

to increase real(Y22) to some extent. In simulation, this stops working at high R, values.
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So key components in the design kit need to be identified and tuned to increase simulated

real(Y22).
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Figure 5.1: Comparison of simulated real(Y 22) as a function of frequency with measurement
for a 30nm MOSFET at Vs = 0, 0.2, 0.4, 0.6, 0.8 and 1.0 V. Vpg = 0.6 V.

5.2 DNW model

RF MOSFET structure has a dedicated region to suppress noise cross talk between
neighboring body regions [24]. For nMOSFET, it is called deep N-well (DNW). Figure 5.2
shows the diagram for RF nMOSFET. N-type DNW, together with N-well, keeps P-type
body regions separated one another. There are with six terminals in total: source (S), gate
(G), dain (D), body (B), DNW and p-type substrate (PSUB). Shallow trench (STI) is used

to isolate P-type regions near Ohmic contact from N-type regions.
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Figure 5.2: RF nMOSFET structure.

As highlighted by the blue circle, BSIM is used as core model in the design kit to
describe four-terminal intrinsic transistor behavior. Internal nodes are denoted with lower
case letters: g, s, b and d. The BSIM compact model used has a version number of 4.6.2.
Compared to previous versions, BSTM4.6.2 has a unique strength to account for Coulombic
scattering in high-k/metal gate transistors by adding a new option (mobmod = 3) in mobility
model [25].

Figure 5.3 illustrates the implementation of DNW model in netlist. Extrinsic components
with subscript of ”_ex” are added outside of BSIM core model. Ry ¢y, Rscx, Rbexs Raexs
Rinw ez and Ry, ¢, are the parasitic resistance between internal nodes and external termi-
nals. Cysez; Cgders Csper and Cgy e account for parasitic capacitance that the intrinsic
BSIM model does not cover. Two more diodes are reserved to describe the P-N junctions
that DNW forms with body region (P-well) and P-type substrate. These parasitics can be

optimized to minimize the difference between measurement and simulation.
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Figure 5.3: Implementation illustration of DNW model.

5.3 Expression of real(Y22)

Figure 5.4 shows an equivalent circuit for (Y22). Previous six terminal case in Figure
5.3 is simplified to four terminal one. It is justified by the fact that DNW and PSUB are
tied together. We have verified that the variation of parasitics related to these two terminals
has a negligible impact on real(Y22).

Following the derivation in [26], real(Y22) can be expressed as:

real(Y22) = ggs+
w2 RyCgaCag + ngEng(Cgs + ng)
1 + WQRE(CQS + ng)2
2 Rbc’gb + gmbRngb<Csb + Cdb)
14+ w2RE(Cgp + Cgp)?

(5.1)

Output conductance gy, is a frequency-independent term. We have tested that the second
2 R9CgaCag+gmR5Cya(Cys+Cya
1+w2R2(Cys+Cyq)?

2 RyC2 +gmp R2C 45 (Csp+Clap)
14+w? R (Csp+Clap)?

term, w ) has a relatively weak impact on real(Y22) compared to

the third term w
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Figure 5.4: Equivalent circuit for (Y22).

Figure 5.5 shows a simplified equivalent circuit used for real(Y 22) discussion. In addi-
tion to gy, the capacitance between drain and body (Cg), the capacitance between source

and body (Cy), and body resistance (Ry) are kept. Therefore,

5 RoC% + 9mp B2 Coap(Csp + Cap)

1(Y22) ~ g4,
real ( ) R gas +w L T W2 R (Coy + C)?

(5.2)

According to (5.2), the frequency dependence are mainly affected by R, and Cy,. In particu-
lar, Cy, has a square law impact so that a small increase of Cy, helps real(Y22) fast respond

to frequency increase. Cy, may help, too, at large bias.

5.4 Vgs dependence

Teal(yj# to normalize bias dependence of real(Y22) for different

We propose the term
frequency. Figure 5.6(a) compares measured V5 dependence of mﬂ(yj# with simulation
using the original kit for the same device in Figure 5.1 at 5, 10, 20 and 30 GHz. Vpg =

0.6 V. Figure 5.6(b) shows simulated g¢,,, versus Vg at the same Vpg. Observe that simu-

lated real(yjﬂ at different frequency lags behind of measurement data to respond to Vgg
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Figure 5.5: Simplified equivalent circuit used for real(Y22) discussion.

increase and tracks simulated Vgg dependence of g,,,. This indicates g,,, produces extra

increase of real(Y22). The bias dependence of g,,;, should be improved.

5.5 Improved modeling

With the observations mentioned above, we know increasing Ry, together with Cy, will
improve frequency dependence of real(Y 22). At the same time, V5 dependence of real(Y 22)
will also be improved due to equivalently strengthened Vg dependence of g,,, according to
(5.2).

Figure 5.7 compares measured Vi;5 dependence of real(Y 22) mﬂ(yj# and real(Y 22)
with simulations using both the original and modified kits. Frequency= 5, 10 and 30 GHz.
Ry, and Cj4 are increased by 1629 €2 and 1 fF. At both low and high Vg, the improved kit

is able to predict measurement data.
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result at 5, 10, 20 and 30 GHz. (b)Simulated g,,, as a function Vg using the original kit.

Figure 5.8 - Figure 5.13 compare measured frequency dependence of Y-parameters with

simulations using both the original and modified kits. Vg =

0,0.2, 0.4, 0.6, 0.8 and 1.0 V.

Vps = 0.6 V. For all V5 values, the improved kit greatly improves real(Y22) fitting without

sacrificing other Y-parameters.
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Chapter 6
IP2 of 200 GHz SiGe HBT

In this chapter, the input second order intercept point, IIP2, is characterized on
Ic — Vg plane for SiGe HBTs with different breakdown voltage. In addition to bias im-
pact, the influence of emitter size on I1P2 is also explored. By using a simplified small

signal model, current dependence of I P2 is discussed.

6.1 Analytical model

As detailed in [27], there are many physical nonlinearities in a bipolar transistor (BJT),
including transport current /g, emitter injection current Iz, junction capacitances C'gg and
Cpe and avalanche current Iog. All of them produce intermodulation products at transistor
output, with different magnitude and phase in a complex manner. In many cases, however,
the transport current nonlinearity dominates. For intuitive understanding, it is highly de-
sirable to derive analytical expressions of I1P2 and OI P2. Here we use the simplified small

signal equivalent circuit in Figure 6.1, where R, = Rg = 50 2. Further, we assume ideal

exponential Io-Vpp. Two-tone input vy = A(cosit + cosat). ic & Gmupe(1 + ;’(’;t)

Following the Volterra series based circuit analysis approach of [27] [14], we can derive

Arpo, the input amplitude at the I P2 point as:

Vg
Arpy = 20— (6.1)
Vpe

where ¢; = % is the thermal voltage. Here the two tones are very close, and the ratio .=

be

is the evaluated at the fundamental frequency w; ~ ws. IIP2, the RF input power at the
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Figure 6.1: Simplified small signal equivalent circuit for BJT.

second order intermodulation intercept, is given by:

Alps
[rp2 = 1z 6.2
SR. (6.2)

Equation (6.1) shows that increasing biasing current Io should increase [I1P2 as it
decreases vy, for a given v, due to the increase of Cj, and the decrease of r,. This is

consistent with experimental observation before high injection.

AS Vot = —gmWe Ry, output power P, = ;%;, input power P, = UTES, we can relate
power gain G = % to ;’TS by:
Us \2 493nR%
Z8y2 6.3
(= 2 ©3)
Substituting Equation 6.3 into Equation (6.1) and Equation (6.2), we obtain:
2I2R? 1 I2Rg
I1p2==—"¢L_ —9¢ 6.4
Rs G G (6-4)
O1IP2 is obtained from I1P2 x G
OIP2 = 2I%Rg (6.5)

69



Thus OIP2 depends on biasing current only, and is independent of device size, Vog
or breakdown voltage, which is consistent with experimental observations that we will see

below.

6.2 SBV device

Figure 6.2(a), (b) and (c) show the measured [1P2, fr and OIP2 as a function of
I for Vop = 1.0, 1.3, 1.6, and 1.9 V on a SBV HBT. For comparison, I1P3 is shown in
Figure 6.2(d). At lower I, both I17P2 and fr increase with /. However, 11P2 starts to
roll off while f7 is on the plateau of the fr — Io curve. Therefore, for high I1P2, a higher
Ic should be used, but I should be below peak fr Io. A higher Vip effectively delays
IIP2, fr and IIP3 roll-off overall. The impact is more obvious for /P2 and IIP3 than
for fr. Observe that the I1P3 peak is reached at a much smaller I, well before peak fr is
reached. I1P2 peaks either reside inside the flat fr region or closely lag behind f7 roll-off.
At high I, higher Vg shifts 11 P2 to higher level, implying that a higher Vg can be used
to effectively improve I1P2 at higher currents. For different Vg, OI P2 have a very similar
current dependence to I1P2. When collector current is lower than peak fr Io, OI P2 keeps
the same for different V.

As Equation (6.5) accounts for only the I or g, nonlinearity, neglects Cy,, and assumes
ideal I — Vg relation, it should only be used as a reference for understanding the impact
of the transport current or transconductance nonlinearity. The measured OI P2 is generally
higher than predicted by Equation (6.5), as can be seen from Figure 6.2(c). This difference is
likely due to cancellation between different nonlinearities as well as the use of ideal I — Vg

relation. Actual I — VpEg is less nonlinear.

6.3 MBYV device

Figure 6.3(a), (b) and (c¢) show I1P2, fr and I1P3 versus I for M BV device, respec-

tively. Vep = 1.3, 1.6, 1.9 and 2.5 V. Overall, 1 P2 has a similar current dependence to
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IIP3. IIP2 increases with I, reaches a peak, and then drops down to a valley. Similar to
SBV case, at low I, there is no big difference of 11 P2 for different Vg while I1P3 peaks

at much smaller I than I1P2. I P2 peak occurs at a higher I for larger Vog.

6.4 HBYV device

For HBV device, II1P2 versus Io, fr versus Io, and I1P2 versus Io are plotted in
Figure 6.4(a), (b) and (c), respectively. Vo = 1.3, 1.9, 2.5 and 3.1 V. Like SBV and M BV
devices, I1 P2 increases with I~ and peaks around where fr rolls off. Increasing Vg is much

more effective in extending low injection to higher I in HBV device than in SBV and

HBYV devices.

6.5 Comparison of breakdown voltages

In Figure 6.5(a) and (b), the Io dependence of IIP2 and fr are compared for three
breakdown versions at the same Vo, Emitter area is the same. Vorp = 1.9 V is chosen as
this is close to the open base breakdown voltage (BVego) of the SBV device. I1P2 first
increases with Io, peaks, and then decreases sharply before rising again. The I1P2 peak
occurs approximately at the same current as the fr peak for all breakdown versions. Before
1 mA, I1P2 is the same for all, indicating that the collector-base junction difference does
not affect I1P2 so long as high injection does not occur.

Figure 6.6(a), (b) and (c¢) compare [1P2, OI P2 and fr of the three breakdown voltages
as a function of I in a more fair manner. A higher Vg is used for higher breakdown voltage.
OIP2 calculated from Equation (6.5) is included in Figure 6.6(b). Before [ = 4 mA, O P2

is the same for three breakdown versions.
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6.6 Impact of device size

For SBV HBTSs, size impact of II1P2 is investigated for three emitter sizes, 0.12x6,
0.12x12 and 0.12x18um?. Figure 6.7(a), (b) and (c) illustrate I dependence of ITP2, gain,
and OIP2 with Vg = 0.5 V. At low I when injection level is low, OI P2 does not vary
with emitter area, as predicted by the Volterra series analysis results. A larger device means

a larger Io range for low injection operation, which naturally results in higher peak OIP2.

6.7 Impact of frequency

Figure 6.8(a) and (b) show measured OI P2 and gain as a function of I at different
frequency for a SBV HBT at Vog = 1.5 V. The tone spacing is 1 MHz. Before reaching a
peak, OI P2 is similar to three frequencies. This verifies the validity of (6.5) in Section 6.1.
Beyond I1P2 peak, a lower frequency gives a higher OI P2 at high I». For the whole Io

range, a higher frequency gives a lower gain.

6.8 Model comparison

This work is not aimed about modeling second order intermodulation linearity for the
examined 200 GHz HBT technology. A quick comparison of simulated 11 P2 versus Io using
different device models for a SBV HBT is shown in Figure 6.9. Veop = 1.3 V. All three
models give similar result before and near peak I/P2. Beyond the peak, HIgh CUrrent
Model (HICUM) gives the best fitting to measurement result. This is due to HICUM
strength at high current description compared to the rest two candidates Vertical Bipolar
Inter-Company (V' BIC) model and Most EXquisite TR Ansistor Model (Mextram) [28]. In
particular, HICUM is the only model that captures the rising trend of 11 P2 after reaching

a valley at high . Accuracy, however, is limited.
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Chapter 7

Conclusion
For RF MOSFETS, the amplitude of the first order vy, for 1P3, Vs 1ps = ﬁ,
4 ggmm +

is proposed for 1 P3 linearity as it is not affected by frequency and is comparable to traditional
harmonic gate voltage I P3 (VIP3). Peak VIP3 Vgg is 55 mV higher than peak 11P3 Vg for
lack of output conductance related nonlinearities. Therefore VI P3 should not be used as a
fast indicator for I P3 linearity. A high Vpg shifts 11 P3 curve toward low Vg value, resulting
a high I1P3 at low Vgg. Peak 11 P2 Vgg is near the second peak I1P3 Vig. Fixed total
width gives the same II1P3. For both thick oxide and thin oxide devices, a smaller channel
length gives a higher I1P3 due to threshold voltage change. At high current, channel length
does not affect I1P3 much. High frequency gives a high I1P3 while O P3 is same same for
different frequency.

For PSP compact model, parameters CT, DPHIB, CS, MUE and THESAT are
tuned to fit drain current. For sub-threshold region, C'I" determines the slope on log scale.
DPHIB affects threshold voltage and body effect. C'S describes Coulomb scattering in mod-
erate inversion. MULFE is responsible for phonon scattering in strong inversion. TTHESAT
is important to fit drain current at very high Vgg. Gate resistance contributed by extrinsic
components helps RF tuning.

For real(Y22) modeling, body resistance (R;) has a larger impact than gate resistance.
Increasing R, alone cannot solve the frequency dependence problem for real(Y22). The
capacitance between drain and body (Cy) needs to be tuned together with Ry, which also
improves bias dependence of real(Y22). Imag(Y 22) is not affected. V5 dependence of g,
results in extra real(Y22) increase with Vgs. gmp in design kit needs to be strengthened in

future work.
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For SiGe HBTs, I P2 behavior is much simpler than I P3. 1 P2 and OPI2 both increase
with Ic before high injection. OI P2 is independent of frequency, tone spacing , transistor
size and breakdown voltage. SBV HBT has a smaller Viop impact on /1 P2 due to heavier
doping on collector side compared to other breakdown versions. A higher Vg leads to higher
peak I P2 as it delays high injection. High current, standard breakdown version and large

size are helpful to achieve high I P2.

82



1]

[7]
8]
[9]

[10]

Bibliography

C.-H. Choi, Z. Yu, and R. Dutton, “Impact of poly-gate depletion on MOS RF linearity,”
IEEFE Electron Device Letters, vol. 24, no. 5, pp. 330-332, May 2003.

G. Niu, Q. Liang, J. D. Cressler, C. S. Webster, and D. .. Harame, “Systematic analysis
of RF distortion in SiGe HBT’s,” IEEE RFIC Dig., pp. 147-150, May 2001.

P. Wambacq and W. Sansen, Distortion Analysis of Analog Integrated Circuits.
Springer, 1998.

B. Razavi, RF' Microelectronics, 2nd ed. Prentice Hall, 2011.

J. Tang, G. Niu, Z. Jin, J. Cressler, S. Zhang, A. Joseph, and D. Harame, “Modeling
and characterization of SiGe HBT low-frequency noise figures-of-merit for RFIC
applications,” IEEFE Trans. Microw. Theory Techn., vol. 50, no. 11, pp. 24672473,
Nov. 2002.

A. J. Joseph, J. D. Cressler, D. M. Richey, and G. Niu, “Optimization of SiGe HBT’s
for operation at high current densities,” IEFE Trans. Electron Devices, vol. 46, no. 7,
pp. 1347 —1354, Jul. 1999.

F. Sischka, “Checklist for successful DC measurements,” Jul. 2015.
——, “Checklist for successful S-parameter measurements,” Dec. 2014.

G. Niu, Y. Li, Z. Feng, J. Pan, and D. Sheridan, “Characterization and modeling of
intermodulation linearity in a 200 GHz SiGe HBT technology,” in Proc. IEEE BCTM,
pp- 1-4, Oct. 2006.

J. Pan, “Systematic characterization and modeling of small and large signal performance
of 50-200 GHz SiGe HBTs,” Ph.D. dissertation, Auburn University, Aug. 2005.

C. Rauscher, Fundamentals of Spectrum Analysis. Rohde & Schwarz, 2001.

Cadence Design Systems, Inc., “Virtuoso Spectre circuit simulator and accelerated par-
allel simulator RF analysis user guide, product version 13.1,” 2013.

D. Liebl, “Measuring with modern spectrum analyzers,” Feb. 2013.

J. D. Cressler and G. Niu, Silicon-Germanium Heterojunction Bipolar Transistors.
Artech House, 2003.

83



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

27]

28]

Z. Li, G. Niu, Q. Liang, and K. Imura, “Intermodulation linearity in high-k/metal gate
28nm RF CMOS transistors,” FElectronics, vol. 4, no. 3, pp. 614-622, Sep. 2015.

M.-T. Yang, K. Liao, R. Welstand, C. Teng, W. Sy, Y. Chen, R. Dutta, P. Chidambaram,
M. Han, Y. Du, and G. Yeap, “RF and mixed-signal performances of a low cost 28nm
low-power CMOS technology for wireless system-on-chip applications,” IEEE VLSIT
Dig., pp. 40-41, Jun. 2011.

X. Wei, G. Niu, Y. Li, M.-T. Yang, and S. Taylor, “Modeling and characterization
of intermodulation linearity on a 90nm RF CMOS technology,” IEEE Trans. Microw.
Theory Techn., vol. 57, no. 4, pp. 965-971, Apr. 2009.

X. Wei, G. Niu, Y. Li, M. Yang, and S. Taylor, “Experimental characterization and
simulation of RF intermodulation linearity in a 90nm RF CMOS technology,” IEEFE
RFIC Dig., pp. 251-254, Jun. 2008.

X. Wei, “On-wafer S-parameter measurement using four-port technique and
intermodulation linearity of RF CMOS,” Ph.D. dissertation, Auburn University, Dec.
2008.

P. H. Woerlee, M. J. Knitel, R. van Langevelde, D. B. M. Klaassen, L. F. Tiemeijer,
A. J. Scholten, and A. T. A. Z. van Duijnhoven, “RF-CMOS performance trends,” IEEE
Trans. Electron Deuvices, vol. 48, pp. 17761782, Aug. 2001.

G. Niu, J. Pan, X. Wei, S. Taylor, and D. Sheridan, “Intermodulation linearity
characteristics of CMOS transistors in a 0.13um process,” IEEE RFIC Dig., pp. 6568,
Jun. 2005.

X. Li, W. Wu, G. Gildenblat, G. Smit, A. Scholten, , D. Klaassenand, and R. van
Langevelde, “PSP 103.1, Technical Note NXP-R-TN-2008/00299,” 2009.

Y. Cheng, M. J. Deen, and C.-H. Chen, “MOSFET modeling for RF IC design,” IFEE
Trans. Electron Devices, vol. 52, no. 7, pp. 1286-1303, Jul. 2005.

T. Ytterdal, Y. Cheng, and T. A. Fjeldly, Device Modeling for Analog and RF CMOS
Clircuit Design. John Wiley & Sons, 2003.

W. Yang, M. V. Dunga, X. Xi, J. He, W. Liu, Kanyu, M. Cao, X. Jin, J. J. Ou, M. Chan,
A. M. Niknejad, and C. Hu, “BSIM4.6.2 MOSFET model, user manual,” 2008.

I. Kwon, M. Je, K. Lee, and H. Shin, “A simple and analytical parameter-extraction
method of a microwave MOSFET,” IEEE Trans. Microw. Theory Techn., vol. 50, no. 6,
pp. 1503-1509, Jun. 2002.

G. Niu, Q. Liang, J. D. Cressler, C. S. Webster, and D. L. Harame, “RF linearity
characteristics of SiGe HBTs,” IEEFE Trans. Microw. Theory Techn., vol. 49, no. 9, pp.
1558-1565, Sep. 2001.

M. Schroter and A. Chakravorty, Compact Hierarchical Bipolar Transistor Modeling
With Hicum. World Scientific Publishing Company, 2010.

84



Appendix A

Taylor series expansion of output voltage for a two-tone input

The output voltage of a nonlinear two-port (v,,:) can be expressed as a function of the

input voltage (v;,(t)) by using a power series like below:

o0

Vout = 3 _ AnUin(t) = arvin(t) + azv], (t) + azvd, (t) + - - (A1)
n=1

where q,, is the nonlinear coefficient.
For a two-tone input with the same amplitude (A), the input voltage can be expressed

as

Vin(t) = Acos(wit) + Acos(wat) (A.2)

In addition to original fundamental signals, a DC component, harmonics and intermod-
ulation products exist at output. Table A.1 lists the frequencies for corresponding output
spectrum components up to third order.

Plugging (A.2) into (A.1), up to third power, the output voltage can be expressed as

Symbolic Frequency | Spectrum Components
First order harmonic w1, Wo Fundamental
Second order harmonic 2w1, 2ws HD?2
Second order intermodulation products Wo — W1, Wa + W1 IM?2
Third order harmonic 3wy, 3w HD3
Third order intermodulation products | 2w; — ws, 2wy — w1 IM?2

Table A.1: Output spectrum components up to third order
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Vout = a2A* + DC component

+(a A + ?lagAg’)cos(wlt) Fundamental
9
+(a1 A+ ZagAS)cos(wzt) Fundamental
1
+§a2A2cos(2w1t) HD?2
1
—|—§a2A2cos(2w2t) HD?2
+agA?cos((wy — wi)t) IM?2
+agA%cos((wy + w1)t) IM2
1
—|—A—La3A3cos(3w1t) HD3
1
+Za3A3cos(3wzt) HD3
3
+Za3A3cos((2w1 — wo)t) IM3
3 .
+Za3A5cos((2w1 + wo)t) IM3
3
—I—Z—la3A3cos((2w2 —wy)t) IM3
3
—i—L—lagAScos((ng + wy)t) IM3 (A.3)

According to (A.3), the amplitude difference in dB between IM2 and H D2 is:

CLQ‘A2
201 =6dB. A4
rvel (A1)

This 6 dB difference is a very helpful rule-of-thumb to monitor time-consuming second-

order intermodulation linearity measurement as shown in Figure 2.14.
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Appendix B
Volterra Series based IP3 derivation for MOSFET

For weak nonlinear system, the output can be described as the sum of the transfer
functions below order three. The first order transfer function H1(s) is essentially the transfer
function of the linearized circuit. The second and third order transfer functions, H2(s1, s2)
and H3(sl,s2,s3), can be solved in increasing order by repeatedly solving the linearized
circuit using different excitation. sl = jwl, s2 = jw2, and s3 = jw3.

IIP3 is derived below using nonlinear current source method. A simplified equivalent
circuit as shown in Figure B.1 is used. Gate-drain capacitance (Cyq) is omitted, as the
result is much simpler and sufficient for most purposes. Rg = 50 Q. C,, is gate-to-source

capacitance. Cjy is drain capacitance. Ry = 50 € is load resistance.

O @

+ + +

=Vgs CY i T Vs §

lys  Cyqy - R.

o
O
H
@_ 1

-

Figure B.1: Simplified equivalent circuit used for I P3 derivation using Volterra series.
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Up to third order, nonlinear drain current i4s can be expressed as:

. _ 2 3 2 3
lds = GmUgs T Ko, vy + K3, vy + govas + Ko, vy + K3, vy + Ko, VgsVds

2 2
+K3zgmgovgsvd8 + K3gm 290 VgsUds (B1>

gm and go are transconductance and output conductance.

0lps
m = B.2
gm = g7 (B.2)
0lps
= B.
9o Vs (B.3)

K, Ks,,, Koy, K3, Ko, K, and K3, , - are nonlinearity coefficients that relate
to higher order partial derivatives as defined in [3] using Taylor expansion, which are repeated

below:

 182Ips

== B.4
Zam 9 V2, (B4)
1 83ID5
== B.5
6 OV (B:5)
10%*Ipg
= B.6
20 " 2 9VE, (B6)
1 63ID5
_ B.7
390 6 8‘/1?))5 ( )
:18],35 8ID5 (B 8)
2om 0 20Vas OVps .
10%Ipg Olps
K. = - — B.9
om0 6 9V Zg Vs (B:9)
2
o, = 9ps O los (B.10)
gm=90 6 Ve GVDS
Applying Kircoffs current law at node 1 and 2 in Figure B.1 gives:
Ys(s) 0 il (B.11)
dm YL(S) Va 0
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where admittance Ys(s) = RLS + 5Cys and Y, (s) = RLL + go + sCd.

B.1 First order kernels

The first order kernels can be obtained from the response of the linearized circuit to

excitation of Vg according to the equivalent circuit in Figure B.2.

OO

—AW—1

+ +

(‘) Cg; i V? > (') Cd__ Vas § R,

gmvgs'l'g oVds

1 DF |CQ§+

-

Figure B.2: Equivalent circuit to solve the first order kernels.

The transfer functions at nodes 1 and 2 are denoted as H1;(s) and H1y(s) with the

subscript for corresponding node. So matrix equation for H1,(s) and H1y(s) is

Ys(s) 0 H1,(s) _ RLS (B.12)
gm  Yi(s) H1s(s) 0
So H1y(s) and H1y(s) can be obtained by sloving (B.12) as below:
H1(s) = Ygl(s)RiS (B.13)
and
Hiy(s) = ——9m 1 (B.14)
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B.2 Second order kernels

The second order transfer functions at nodes 1 and 2 are denoted as H2;(sl,s2) and
H2,5(s1,s2). Figure B.3 shows the equivalent circuit to calculate the second order kernels.

A virtual excitation 779 is placed in parallel with the linearized response g,,v45 + govgs With

following expression:

7;NL2 = KzgmH11(81>H11(82)+

K2g0H12(81>H12<82) -+

1

5Ky, [H11 (1) H1x(52) + H1i (s2) H1y(s1)]. (B.15)

NWESORNCR

* In2

= Vs = Vs
Cos 0 G)nggs"'gonsG) Ca ’

-

Figure B.3: Equivalent circuit to solve the second order kernels.

Matrix equation for H2(s1, s2) and H25(s1, s2) is listed as

Ys(s1 + s2 0 H24(s1,s2 0
51 ) shs2) ) . (B.16)
Im Yi(s1+ s2) H24(s1, s2) —iNL2

So H2;(s1,s2) and H25(s1,s2) can be obtained by sloving (B.16) as below:
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H2,(s1,s2) =0 (B.17)

and

—INL2
H22(817 82) = m (B18)

B.3 Third order kernels

The third order transfer functions at nodes 1 and 2 are denoted as H3;(s1, s2, s3) and
H3(s1, s2,s3). Figure B.4 shows the equivalent circuit to calculate the third order kernels.

A virtual excitation 773 is placed in parallel with the linearized response g,,v45 + govgs With

following expression:

iNLg = KggmH11(81>H11<82>H11(53)+
KggoH12(81>H12<82)H12(53) +

2
gKQg"L [H11(s1)H21(s2,83) + H11(s2)H21(s1,3) + H1,(s3)H2,(s1, s2)] +

2

382, [H15(s1)H25(52,$3) + H1a(s2)H24(s1, s3) + H15(s3)H25(s1, s2)] +

1

352000 [H11(s1)H29(s2,3) + H11(s2)H29(s1,3) + H11(s3) H22(s1,s2) +
H15(s1)H2,(52,83) + H19(s2)H2,(s1,s3) + H19(s3)H2,(s1, 52)] +

1

§K32gmgo [H11(81)H11(82)H12(83) + H11(82)H11(S3)H12(81>
+H11(81)H11(83>H12(82)] +

1

§K39m290 [H11(81)H12(82)H12(83) + H11(82)H12(81)H12(83)

+H11(s3)H15(s1)H1y(52)] (B.19)
Matrix equation for H3,(sl1,s2,s3) and H3s(s1, 52, s3) is listed as

Ys(sl 4+ s2 + s3 0 H3(s1,s2,s3 0
5 ) 1 . (B.20)
Im Y1 (s1 4 s2 + s3) H35(s1, 52, s3) —iNL3
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Figure B.4: Equivalent circuit to solve the third order kernels.

So H31(sl,s2,s3) and H35(sl,s2,s3) can be obtained by sloving (B.20) as below:

H3(s1,52,s3) =0 (B.21)

and

—iNL3
H35(s1,s2.83) = . B.22
2(8 , 84,8 ) YL(Sl +82 ‘l‘ 53) ( )

B.4 Expression of [1P3

For a two-tone input Vs with an amplitude of A, I1P3 is defined as the input power
at which the third order intermodulation product (2A*|H35(—s1, s2, s2)|) equals to funda-
mental tone output (A|H15(s2)|). According to (B.14) and (B.22), The first and third order

Volterra kernels

Hl5(82) = —————— — B.23
2(52) = ¥, (52) Rs (B.23)
and
—INL3
H35(—s1,82.82) = ———M . B.24
32( sl, 84,8 ) YL(282—81) ( )
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Since 252 — sl ~ 52,

H3y(—s1,52,52) =

Therefore,
3 A3|H3y(—51, 52, 52)]
AlH15(s2)|

11 P3 can be expressed as:

1IP3 =

A 1+4wPC2

8Rg 6Rg

—INL3
) B.25
YL(SQ) ( )
3 »
= D2 N (B.26)
4 Ys(s2) Rs
R? 1
® . (B.27)
LN

where A = A1 +As+A3+Ay. Ay through A, are functions of nonlinear output conductance,

its high order terms and cross terms with transconductance nonlinearity as follows:

1 1

A= _g 29m 90 Zom Zy — g 3zgm9<)Z2 (B-28)
2 1 1,

AQ = § 20m K290 Zg + §K39m290ng4 + g 29m90 Z5 <B29)

1

A3 = _K3g092126 - g 29m90 2gong7 <B30)
2

Ay = §K§g0 92,73 (B.31)
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7y through Zg are given by:

7y = Zp(2w1) + 271 (w1 — we)

Zy = Zy(w1) + [Ys(—w2)Yg H(wr) + 2]

Zy = 2Z1(w1 — w) Zp(wi) + Zp(2w1) Zr(—w2)

Zy = Z3(w1)[2Ys(—ws) Vs H(wr) + 1]

Zs = 2Z1(w1 — w2) Z(—w2) + Z1(2w1) Z1(—w1)
Zs = Zi(w1)Z1(~w)

Zy = Zi(wn)[Z(2w1) + 221 (2w1) + 6Z1 (w1 — wy)]

Zg = Z%(wl)ZL(—ng)[ZL(le) + QZL(w1 — CUQ)]

with Zp(w) = and Ys(w) = RLS + jwCls.

1
%—i—go-&-]‘wcd
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Appendix C

Power calibration procedures for IP2/IP3 measurement

Due to varying power loss with frequency, the attenuation on input branch needs to be
added to the amplitude of signal generators while the attenuation on output branch needs

to be deducted from the raw data from spectrum analyzer using following 6 steps.

1. Power on DC power supply, signal generator and spectrum analyzer. Wait for 30

minutes.

2. Initialize and calibrate the power meter on its front panel as shown in Figure C.1.

Press LINE switch to ON;
e press "ZERQO” key to initialize power meter;
e Press "CAL” key and confirm with "ENTER” for "REF CF 100%”;

e Connect the other end of power sensor to "POWER REF” port in order to make

use internal 1dBm signal at 50 MHz;

e Press "PWR REF” to see if it returns with a steady reading of 70 dBm”; If not,

repeat above steps starting from "ZERO” key

3. Place the input branch between signal generator and power meter; Adjust ” Frequency”
to the desired one and set ” Amplitude” as 0 dBm; Toggle ”RF On/Off” key to trigger

input signal and record the reading on power meter as P .q.
4. Repeat Step 3 for output branch and record the reading as P; .q.

5. Connect both input and output branches, probe an on-wafer ”through” structure, and

repeat Step 3; Record the reading as P cq-
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6. Verity if P, .o + Pocar < Pica; If true, for 1P2/1P3 raw measurement data, increase

all raw output power levels on spectrum analyzer by (P, cq +

decrease all raw input power levels by (P o +

Pt,cal_Pi,cal_Po,cal

) dB;

Pt,calfpi,calfpo,cal ) dB and

2

HEWLETT
8 PACKARD

Iy
\\\ ‘,

[ e

CAL

JEENEEEE FUNCTION IS OATA ENTRY HEER,

ON/OFF  ON/OFF

STORE RECALL SPECIAL

= sTBY &

) (o) ) (32

- N |

RESOLN CAL FAC ON/OFF AUTO RNG

=) (o) B

SENSOR PWR REF  EXIT

(=) (=) (=) (o)

() (0) (=)

POWER REF
'1.&“ :mu-l:.

., »

A

HP 4378 POWER METER

\

Figure C.1: Front panel of HP 437B power meter.
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Appendix D

S-parameter setup

A typical S-parameter using PNA series network analyzer is described in following 13

steps. Assume Keysight’s IC-CAP is used to record and process S-parameter data.

1. Press Line switches on DC supply, PNA and power meter to ON and wait for 30

minutes.
2. Finish planarization of RF probes and alignment check.
3. Set up "Sweep type” and 7 Average” on PNA;

4. Open ”GPIB” on IC-CAP main interface to see GPIB interface is working properly as

shown on Figure D.1.

HP-IE Interface Inetrusmesnt Library Inatrument List
. gpibd HP3577 Metwork Analyzer - [ HP4155 (gpikd, 17)
HPESL0 ASE/C/XF Network Analyzer AgilentPMA (gpibd, 15)

Agilent ENA Metwork Analyzer

Agilent PNA-X Network Analyzer  |E

Agilent PNA Network Anslyzer

HPETI2 Netwark Analyzer

HPET1S Metwork Analyzer

HPET20 Metwork Analyzer . Rabuid
HPET22 Network Analyzer [Add to List—]
HPETS3 AFB/C Nebweork Analyzer b .
HPET530 Metwork Analyzer [ Delete
HPET33E/ES Network Analyzer
HP4141 DC Source/Monitar
HP4142 Modular DC Seurce/Menitor I Deletesl
HP4145 Semiconductor Parameter &

|add Inwhu:] HP4155 Sericonductor Parameter & _ l

e Rt =
Stabus
Salecting HP-1B Interface fle goibd
Command Completed

Figure D.1: Check and configure HP-IB interface.

5. Verify if GPIB addresses for DC supply and PNA are listed correctly as shown on
Figure D.2.
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Instrument PAD SAD Identification
B Instrument 0 15 None  Agilent Technologies,E8364B,MY43040665,A4.06.04.32
B Instrument 1 17 None  HEWLETT-PACKARD,4155A,0,01.00:01.00:01.00

Figure D.2: Check and configure HP-IB interface.

6. Check if power meter is listed on PNA’s master GPIB interface as shown in Figure

D.3.
£ Agilent Connection Expert =1
File Edt “iew /0 Configuration Tool: Help
.;%7 Refrezh All wEY Unda 3 Froperties Iﬂ |nteractive [0 !ﬁ Add Instrument H Add Interface
¥ Delete
- i
Tas— Refresh Al | An instrument on a GPIB bus

| %, AGILENT-4ADB4FS

@ |5

""" % COM1 (ASRLL) @ Baoth the address check and the IDN query were done

B- % GPIED

: ..... ﬁ 4376 (GPIEO:: 130 IN: Change Properties. ..
E| f‘ﬂ GPIEZ

Y154 address: GPIED:: 13 IMSTR,

B &

----- ﬁ ES364E (GPIEZ::16::

Figure D.3: Check power meter’s communication with PNA.

7. Open ”Source Power Cal” dialog window on PNA and edit ”"Cal Factor” of ”Power

Sensor Settering” if needed.

8. Place input RF cable between PNA’s "PORT1” and power meter, press ”Take Cal

Sweep”, and wait until ?"PASS” sign shows up.

9. Select proper calibration kit for corresponding RF probes from ” Advanced Modify Cal
Kit” on PNA.

10. Try a series of output characteristics measurement with different PNA input power
values to figure out the maximum allowed input signal, above which output curve with

RF input is different from that without RF input. Take the HBT measurement in
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@-35dBm @-35dBm [E-3]

Figure D.4 as an example, the best input power should between -45 and -35 dBm as

the latter disturbs DC biasing of S-parameter measurement.

lc @-45dBm ic @<45dBm [E-3]

- —

)

=

-
K

-45 dBm input is OK

T
HW.——____\_

e [E+0]

Figure D.4: Verify if a chosen input signal is appropriate.

Select 7UNGUIDED Calibration” with 72 Port Solt” on PNA and follow instruc-

tions to measure SOLT calibration structures of ”OPEN”, ”SHORT”, "LOADS” and

"THROUGH” for "PORT1” and "PORT2”; Save calibration result as a ”.csa” file;

Make sure ”SrcPwrCal” status appears at bottom of PNA screen.

Following the example in Figure D.5, type the same ”.csa” file name in ”Cal/State File

Name” in IC-CAP and measure four calibration structures to verify if SOLT calibration

T T T T T T T T T T T T
r i i PO
- -35 dBm is not OK
3_ 5.42)45&-4% £
B /,,W Red: with PNA input
?_')t Blue: without PNA input
’ :f 8. H%._nggm'h‘:#ﬁ-i’::‘w‘
1—|
Jp— S PO SO P
0 A5
-:]UIIIID:SllIIIDIIJJ1SK
ve [E+0] Y
11.
12.
is valid as shown in Figure D.6.
13.

Measure on-wafer de-embedding structures and device under test by using IC-CAP as

controlling program.
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Measure / Simulate  Instrument Options | Setup Variables | Extract/Optimize | Plots |

Instruments
HP4145.4000.25 Use User Sweep [Yes/HNo] No
— -~ - Hold Time (sec) 0.000
Delay Time (sec) 0.000
Sweep Time (sec) [0O=autc] 0.o000
Sweep Type[Step/Analog] s
Port Power Coupled [Y/N] Yes
Port Src Fower (dBm) -45.00
Port 2 Src Power (dBm) -45.00
Port Atten Aute [¥/N] Yes
Port Src Atten (dB) 20.00
Port 2 Src Atten (dB) 20.00
Power Slope (dB/GHz) 0.000
Dwell Time (sec) [0O=autoc] g.ooo
IF Bandwidth (Hz) 1.000K
Avg Factor [1-1024] 16
Ports Mapping
Cal Type [Hardware/Nonel H
ICalfState File Namel[.csal.cst only] [SrcPwrCal_01142014_md45dBm_lto25G_..
Use PHA Calibration Settings Yes
Delay for timecuts (sec) 0.o000
Init Command

Figure D.5: Use PNA calibration settings in IC-CAP.

1B sxx:38

Fle Options Optimizer Windows Help File Options Optimizer Windows Help

OPEN Sxx E SHORT Sxx I
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SM.11 SM.22
—

—
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Options  Optimizer Help

Fle Options Optimizer Windows Help

LOAD Sxx E THRU Sxy
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Figure D.6: Verify SOLT calibration.
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