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Abstract

The Aging effect is intrinsic to transistors in integrated circuits and occurs sooner with newer,
smaller manufacturing node technologies. With prolonged usage within the nominal power
and biasing operating point, some charges get trapped in the transistor channel and carrier mo-
bility is reduced, the threshold voltage Vr is increased and operating point changes, decreasing
the drain current Ip and gain. This results in worsened DC and RF characteristics of the transis-
tor in a power amplifier PA, and so are their precision or communication power in analog or RF
applications, respectively. The Aging can be calibrated and corrected by modifying the biasing,
restoring the original gain at the cost of increased power consumption.

To this date, this recalibration is performed with integrated power sensors that monitor the
gain and control it by modifying the biasing. This method, however, uses valuable layout space
and is a direct measurement which modifies the real circuit topology, having an impact on its
characteristics and behavior.

Prior research in the ETSETB Electronics Engineering department proposed the usage of tem-
perature measurements, indirect by nature so they do not modify the circuit topology, to control
the gain by also modifying the biasing as the Aging progresses. The studies proposed hetero-
dyne (two RF tones) over homodyne (one RF tone) temperature measurements as being less
prone to noise. An IC to test this principles called PAAGEANT was designed, simulated and
manufactured, and 20 ICs are available at the ETSETB Electronics laboratory.

This thesis experimentally characterizes in DC and RF one PA in the PAAGEANT IC to extract
its gain and characterizes its temperature sensor TS and thermal coupling between the PA and
TS. These characteristics are used to then propose experimental signatures relating the gain
and temperature measurements. Several methods of temperature measurement of the PA are
tested and studied with 11 ICs to ensure repeatability. In further studies, the signatures will
be measured during and after the aging process, so a control system modifying the biasing can
correct the resulting temperature signature of each IC after Aging to the signature measured
before Aging, and so will the gain.

Some temperature sensor TS characteristics vary among the measured ICs, and results show
that the signatures must be calibrated for individual manufactured ICs. The homodyne and
heterodyne signatures proposed in this Master’s Thesis show promise in being used in control
systems that will be correcting the gain-temperature signatures.
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1 Preface

This Master’s Thesis was done as part of an effort to empirically demonstrate the thermal calibra-
tion for aging technique proposed by Josep Altet, Diego Mateo, et al. as part of the TOGETHER
national research project.

The PAAGEANT IC was developed and manufactured to test and validate the proposed meth-
ods. It consists of 3 PAs, with different configurations of integrated temperature and power
sensors. 20 copies of the PAAGEANT IC, a PCB to connect and operate the IC and a set of
laboratory instruments were given at the beginning of the thesis. MATLAB code, consisting
of classes that connect and drive the instruments and previous students” programs, were also
given at the start of the thesis. Other studies have previously simulated the characteristics of
the PA in PAAGEANT, and some experimental measurements were performed.

This thesis has focused on experimentally characterizing the PA and temperature measurement
with 11 ICs measured, and doing so with programs that operate in a very structured and auto-
matic way so that the measurements can be later post-processed and the programs reused for
further research.

Signatures are proposed that relate temperature measurements to gain characteristics, and can
be calibrated to individual manufactured ICs. After the PA suffers Aging its DC and RF char-
acteristics will be modified losing gain, so the temperature measurements conforming its sig-
natures will have changed as well. Control systems using the temperature measurements and
modifying the biasing can be made that attempt to restore the original temperature signature,
and with it the gain will be corrected to the original value.
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2 Introduction

Electronics and communications technologies benefit from the ever-increasing advancements
in technology scaling. Smaller, more efficient and better performing silicon manufacturing pro-
cesses have not only favored digital electronics, but also analog and RF. The improved pro-
cedures and technologies become cheaper and allow for more compact, complex and energy
efficient designs.

One side effect of the silicon manufacturing nodes shrinking is the acceleration of an unwanted
process known as Aging. Over time and use under nominal biasing, some charges get trapped
in transistor channel and carrier mobility is reduced. This increases the threshold voltage V7,
changing the characteristics of the transistor. In a circuit, this means that drain current I, and
gain decrease, and precision or communication power are worsened. The Aging can be cali-
brated and corrected by modifying the biasing, restoring the original gain at the cost of increased
power consumption.

Aging is present in all transistor nodes, and the long nodes in use decades ago became significant
after about 20 years of use. What were acceptable circuit lifetimes in the earlier processes is
coming closer to 5 and 3 years of usage in the recent shorter manufacturing nodes.

It is already common practice to correct Aging in sensitive circuits by introducing integrated
power sensors that perform gain monitoring and control it by modifying the biasing. The power
sensors are, however, a direct measurement that modifies the topology of the circuit measured
and uses up valuable layout space in the IC.

[1] and [2] propose using embedded temperature sensors to characterize RF analog circuits.
Integrated temperature sensors are indirect measurements, so the circuit topology is preserved,
they require very little space in the IC layout and their implementation does not need to be
sophisticated.

To this aim, as part of the TOGETHER national research project an IC called PAAGEANT has
been designed, manufactured, simulated and tested. PAAGEANT contains 3 PAs, 2 tempera-
ture sensors and 2 power sensors and necessary to demonstrate the methodologies proposed to
recalibrate power amplifiers after they have suffered aging by using temperature measurements.

This thesis aims to characterize in DC and RF the PA, characterize the TS and thermal coupling
and propose and experimentally study several homodyne and heterodyne temperature-gain
signatures. The signatures quantify experimental relations between temperature measurements
and gain in each manufactured IC.

Several signatures using different measurement methods are proposed in this thesis, so that
control systems can be devised that modify the PA biasing to correct the Aging suffered by
using the temperature measurements forming the signatures before and after the Aging process.
Automated MATLAB programs have been developed that perform the PA and temperature
characterization and the temperature-gain signatures, and experimental results from 11 ICs are
studied in this Master’s Thesis to ensure repeatability.

2.1 Objectives

e Experimentally study the DC characteristics of the power amplifier PA

\?@ oo
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Experimentally study the RF characteristics of the power amplifier PA
e Experimentally study the characteristics of the temperature sensor TS

e Experimentally study the thermal coupling between the power amplifier PA and temper-
ature sensor TS, built in the same silicon die

e Propose and experimentally study signatures that relate the temperature measurements
and gain characteristics of the PA

e Experimentally measure the above characteristics and signatures for 11 ICs to study their
repeatability
2.2 Scope of the thesis

The present thesis will achieve the above objectives for TS 1 and PA 1. The temperature-gain
signatures will use the many variables of temperature measurement, to have a variety of exper-
imental options. From a maximum of 20 chips available, at least half of this amount must be
measured.

2.3 Sections

This memory will first present the theory frame on temperature in RF power amplifiers in Sec-
tion 3, detailing the homodyne and heterodyne methodologies available. Then the PAAGEANT
IC used in the laboratory will be presented in Section 4, along with the instruments and pro-
grams developed. Finally, the measurements of the power amplifier DC and RF characteriza-
tion, temperature sensor characteristics, thermal coupling and signatures will be presented in
Section 5.

24 Keywords

e PA: Power amplifier

e TS: Temperature sensor

e PS: Power sensor

e IC: Integrated circuit

e CUT: Circuit under test

o PAAGEANT: Integrated circuit used in this thesis, detailed in Section 4.1

e Signature: Experimental relation between two magnitudes, like temperature and gain. Sig-
natures developed in this thesis consist of temperature measurements, such as variation of
TS DC output voltage Vour, ¢ to gain or variation of TS AC output voltage Vour, ¢ Lock—in
to gain. They are detailed in Section 5.3

e Homodyne: A homodyne measurement introduces one single input signal of known char-
acteristics (frequency, modulus and/or phase) and is compared to other measurements
in the circuit. The theory on homodyne temperature measurements is found in Section

\?@ oo
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3.3.3 and the homodyne signatures are in Section 5.3.1

e Heterodyne: homodyne measurement introduces two input signals of known characteristics
(frequency, modulus and/or phase) with a small frequency difference between each other
Afs. The theory on homodyne temperature measurements is found in Section 3.3.4 and
the homodyne signatures are in Section 5.3.2

e N (TS): DAC integer value that controls the current mirror biasing the temperature sensors
TS1and TS 2

o Lock-in amplifier: A lock-in amplifier is a type of amplifier that can extract a signal with a
known carrier wave from an extremely noisy environment

6@ oo






Experimental monitoring of the gain in RF PAs using Temperature Measurements page 15

3 Theory Frame

3.1 Direct and indirect measurements

Performing a direct electrical measurement on a circuit modifies its behavior intrinsically, as
the sensor modifies the electrical topology by adding elements and electric charges are added
to the circuit nodes being measured. A direct measurement example is measuring voltages and
currents to calculate output and/or input power, to get gain.

Indirect measurements, on the other hand, quantify a different magnitude that is known to have
a relation to the wanted magnitude. Indirect measurements have a much smaller effect on the
system (a circuit in the electrical case at hand) by comparison to direct measurements, being
much less intrusive and sometimes simpler in their practical nature. An example of indirect
measurements is weighing water by measuring its volume.

3.2 Need of gain signatures

The present effort to monitor the gain in RF PAs using temperature measurements requires
linking particular absolute or difference temperature measurements to values or changes in the
PA gain.

The gain and temperature are related in the PAs, but not in a straightforward way. There is a
strong dependence on thermal coupling, sensitivity and other effects.

The real-world implementations measurable in the laboratory require the study of experimental
relations between the temperature measurements and the PA gain. These temperature-gain
signatures will have specific, repeatable shapes but present different values for the different ICs
measured, accounting for the statistic process variability in manufacturing.

The gain signatures will characterize the temperature-gain relation for each chip with their spe-
cific values, a sort of individual thermal identifier of the gain. The evolution of the signatures after
Aging is applied, when having the previous signature stored, would allow recalibration to op-
erate at the previous gain.

3.3 Temperature in RF power amplifiers
3.3.1 Temperature sensor

The usage of a differential temperature sensor TS as an indirect measurement of gain (an electric
magnitude) is proposed by [1]. A differential temperature sensor measures a difference of
temperatures between two sensor terminations placed in different areas of the IC, having much
better common mode rejection CMR than its single-ended temperature sensor counterpart. The
voltage output of a basic temperature sensor is shown in 1.

A single-ended implementation would require calibration and have high offset to be corrected,
but a differential temperature sensor will measure the differences in thermal coupling between
the end of the sensor on top of the PA and the other end in a far-away region in the IC.

Vourys = k(To —T1) (1)
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The implementation with a differential temperature sensor consists of one BJT transistor on the
PA area in a different layer, not electrically connected to the PA, and the BJT at a further distance
than thermal coupling by the PA can reach, consisting of the second end of the differential
temperature sensor.

Electric power in the PA generates a temperature variation measurable by the temperature sen-
sor with a voltage output. Since the TS has two sensing ends at a relatively close and far distance
respectively, the temperatures 75 and 77 in 1 are defined by how much heat has been able to
transfer to each area by thermal coupling.

PDC’ — AT

3.3.2 Thermal coupling

The Joule effect is caused by free carriers impacting with impurities, phonons and themselves in
a conducting material in which a voltage difference is applied, generating heat and increasing
temperature.

P=V-I (2)

The heat generated by the Joule effect can be expressed as power, as shown in Eq. 2. In stationary
state the heat transfer is an energy flux between the heat source and drain. This phenomenon
follows inside the IC Fourier’s Law of Heat Transfer in solid materials. Thermal coupling is
the relation between the dissipated power in a specific point location in the IC (the PA in the
application at hand) and the temperature reached in another region of the IC.

1

Thermal Coupling
transfer function

T(H)/P() 0.1 4

Voltage(t) JOULE

EFFECT
\ ® Power(t)

/MIXER

Current(t)

emperature(f)

T
Normalized Bode Amplitude

0.01

0.1 1 10 100 1000

\ >
Frequency, Hz Frequency, kHz

Figure 1: Circuital model of the thermal cou- Figure 2: Example of thermal coupling. Nor-

pling mechanism, extracted from Figure 2 in malized frequency response. CUT is a MOS

[2]. transistor (dimensions: W = 100 um, L = 10
pum) at a 25 pm distance from the temperature
transducer. Extracted from [3].

Thermal coupling in the IC substrate behaves as a low pass filter LPF with distance. Frequencies
higher than 100kHz do not travel further than tens of nm, which means that AC and RF temper-
ature components normally are contained nearby the region they are produced on. However, if
an unwanted source of thermal coupling is too near an area of interest (such as a power ampli-
fier or a temperature sensor), this thermal coupling will be added to the total measured by the
sensor. Figure 2 shows the thermal coupling frequency response measured in [3]. The gain for
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the base input RF frequency fs used later in this thesis is greatly attenuated at small distances
in the IC. This means that the RF component of the heat at f; = 1000/ H z will not transfer along
the IC to the further differential sensor node.

3.3.2.1 Power dissipated by the input resistor R;;,s The resistor between the current mirror
that biases the gate DC level Vg, and the decoupled RF input signal v;y in the PA gate dis-
sipates a small amount of power in DC. In Eq. 3, in the fraction resulting of the power of 2 of
the sinusoidal signal, the  term represents DC voltage while the term %22‘”) represents AC

voltage.

1+ cos(2wt))

2
(3)
— VR = VG’S — V]N; R = 1.655k%2

1112% = (Vg- cos(wt))2 = V]%(

2
Pp=_-1
"7 9oR

Figure 3: Layout of a PA and its TS in the IC PAAGEANT. Orange marks the reference transistor
at the PA biasing, red marks the Ry;,s separating the DC biasing and RF input and blue marks
the PA transistor.

3.3.2.2 Power dissipated subfolding The total DC dissipated power has two components in
an RF power amplifier that may be named subfoldings. The first dissipated power subfolding
[0]x[0] is caused by the DC drain current and DC source voltage Ip, . - Vpp when biasing the
PA, and increases with P;y. The second dissipated power subfolding [1]x[1] is the DC resulting
power decrease from applying an RF signal, being negative decreases the total dissipated power
when Pry increases. With large RF signal power, the biasing point in the PA changes and gain
is further lost.

3.3.3 Homodyne temperature measurements

A homodyne measurement introduces one single input signal of known characteristics (frequency,
modulus and/or phase) and is compared to other measurements in the circuit.
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a)

RF GENERATOR
TEMPERATURE
fs TRANSDUCER SENSOR
CIRCUIT D: TEMPERATURE o OUTPUT
————+— UNDER - SENSOR |7 °VOLTAGE
_J_ TEST $ VoK x Ts
DCBIAS SILICON DIE
c)
5 g Thermal Coupling
o z . o
£ A =) traflsfcr function 5
oy ER T T(D/P() g |
i..u i DC Bias N ¢ g |
é], . RFIS:ignal g & l
L. l > e _______:.:i_ [ _I_- | (<4 >
DC! T DC *’fséﬁz-l}, > DC;i -~
L.F. H.F. LF. HF. LE. ILF.
Frequency, Hz Frequency, Hz Frequency, Hz

Figure 4: Description of the physical mechanisms that take place in built-in homodyne temper-
ature measurements: a) a linear CUT and a temperature sensor are placed in the same silicon
die, c) spectral components of the CUT electrical signals, power dissipated by the CUT and
temperature at the transducer location with homodyne excitation. Extracted from Figure 2 in

[2].

In the application at hand, the PA is biased in DC and a single RF signal is introduced at the
input with frequency fs; and power P;y. The voltage in the PA is Eq. 4 and the current is Eq. 5.

v(t) = Vpe + A - cos(2m fst) (4)

i(t) = Ipc + B - cos(2m fst) (5)

The power dissipated in the PA in homodyne temperature measurements in low and high fre-
quency are expressed in Eq. 6.

P(t) = [VpcIpc + ATB] + [BVpe + Alpc|ecos(2m fst) + A7Bcos(47rfst) (6)

In cases where f; >> 100k H z (as in our application, using f; = 170M H z), the high frequency
(RF) component of the dissipated power in Eq. 6 is out of the transfer function of the LPF
filter behavior of the thermal coupling. Therefore, only the DC component of the dissipated
power increases the temperature around the PA and is measured by the nearby BJT end of the
temperature sensor, described in Eq. 7.
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AB
T(t) =Tpc = R - [Vpelpe + 7] = Ry, - Ppc (7)

where Ry, is the thermal coupling resistance between the PA and the sensor transducer and
Ppc is the DC component of the dissipated power in homodyne. Note that the measured tem-
perature depends on the DC bias values Vpc and Ipc and modulus of RF voltage A and current
B, and has no dependence on the RF frequency fs. The DC bias component of the temperature
is a big part of the measured temperature, and it can be difficult to extrapolate the gain from
the measurements.

3.3.4 Heterodyne temperature measurements

A homodyne measurement introduces two input signals of known characteristics (frequency,
modulus and/or phase) with a small frequency difference between each other Af,. Their in-
termodulation produces many harmonics, but also a low frequency intermodulation product.
This can be exploited with an LPF to make a measurement easier to implement. Also, the mea-
surement is in a low frequency AC, separated from the DC value, so the noise and variation
introduced by the DC bias are not so prevalent.

d)
RF GENERATORS
fy+af () TEMPERATURE

TRANSDUCER SENSOR

f L CIRCUIT D: TEMPERATURE| | , ouTpUT
—] UNDER - SENSOR [T °vVOLTAGE

TEST s V=K x T

DC BIAS SILICON DIE

¢)

— 3 — ;
5 % Thermal Qoup}mg Thermal Coupling
£ = transfer function 2y i
5 = ey 5 A transfer function
< g1 TOFRO g T(HY/P(h)
&1 DC Bias g 1t 2 !
£ P RF Signal R | ; £ |
g s 3 fs fg+Af B4
l I g ] 1 25 2f +AF I
I <,
g > ————f av e >
DC AT GTAT DC 2f +ar DCIAS -~
LF. H.F. LF. HF. L.F. H.F.
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Figure 5: Description of the physical mechanisms that take place in built-in heterodyne temper-
ature measurements: d) heterodyne CUT excitation, and e) spectral components under hetero-
dyne CUT excitation. Extracted from Figure 2 in [2].

In the application at hand, the PA is biased in DC and a two RF signals at f,, = fs and fs, =

fs + Af are introduced at the input with frequency f; and power P;y. The voltage in the PA is
Eq. 8 and the current is Eq. 9.
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v(t) = Vpe + A - [cos(2m fst) + cos(2m(fs + Af)t)] (8)

i(t) = Ipc + B - [cos(2m fst) + cos(2m(fs + Af)t)] (9)

The power dissipated in the PA in heterodyne generates several spectral components, the two
most interesting of which are expressed in Eq. 10.

P(t) = [VbcIpc + AB| + ABcos(2m fst) 4+ higher frequency terms (10)

Such lower frequency components of the dissipated power in Eq. 10 result in a measurable
temperature change Ta¢(t), described in Eq. 11, that can be measured by the nearby B]T tem-
perature sensor transducer.

T(t) = Run - [Vbelpe + AB| + Zrp(Af) - AB - cos(2rAft) =

(11)
= Rty - Ppc + Zrua(Af) - Pay(t) = R, - Ppc = Tpc + Tay(t)

where P ((t) is the spectral component of the dissipated power at Af and Zrg(Af) is the
thermal coupling impedance between the PA and the BJT transducer of the temperature sensor
at frequency Af, that is usually a complex value with real and imaginary components.

The DC temperature increase Tpc in Eq. 11 depends on the DC bias and the RF signal mag-
nitudes AB. The temperature AC component 7x¢(t) depends on the RF power (A and B),
appearing in low frequency due to the downmixing and is independent of the frequency f.
This AC component of the temperature Ta ¢(t) reaches the BJT transducer of the temperature
sensor and is named lock-in temperature measurement, due to a lock-in instrument being used
to measure it.

The heterodyne temperature measurement requires more and more complex instruments to be
performed, but is advantageous to the homodyne measurement. The AC component temper-
ature change (heterodyne, measured by the lock-in) only depends on the RF characteristics of
the PA and not its DC bias, allowing a better characterization of the PA. Also, the value of A f
is controllable, so the temperature measurements are independent of the IC configuration and
simplifies the calibration process.

The PA operating point being set by Vs, does affect its gain and therefore the output power
and the measured temperature, but the temperature measurement is not being affected by
Vaspe, rather the output power and temperature change with Vg,
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4 Implementation

4.1 PAAGEANT Chip

The PAAGEANT IC has been designed and manufactured to demonstrate the pre-aging char-
acterization and post-aging recalibration to operate at the original gain using only tempera-
ture measurements using homodyne and heterodyne methods proposed by [1] and [2]. The
PAAGEANT IC is part of the TOGETHER national project and has been previously simulated
and tested in other projects.

The IC design consists of 3 power amplifiers PA with combinations of temperature sensors TS
and power sensors PS, detailed in Section 4.1.2, using the CMOS 350nm AMS technology. This
project uses the PAAGEANT IC to characterize PA 1 and TS 1 and propose temperature-gain
signatures. 11 ICs were measured in the laboratory, their results presented in Section 5.

SINGLE PA
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UNIT

TSENSOR

I | CLK
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Figure 8: Temperature sensor biasing structure

Figure 7: PAAGEANT IC block layout, (simplified) of the PAAGEANT IC.
extracted from [4].
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4.1.1 Differential temperature sensors in PAAGEANT

DC power in the circuit generates a temperature variation measurable by the temperature sen-
sor with a voltage output. A simple differential temperature sensor output has a very high
sensitivity, but the dynamic range in temperature is very small, as seen in Figure 9.

The saturation region at the top and bottom voltage values can be seen, and the desired linear
region has high sensitivity but very small dynamic range in temperature. The temperature
sensors in the PAAGEANT IC have a biasing circuit that can shift the voltage-temperature curve,
showing the extended dynamic range in Figure 10.
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Figure 9: Typical characteristic curve of the Figure 10: Characteristic curve of the differen-
core temperature sensor. Extracted from Fig- a1 temperature sensor with an extended dy-
ure 4 in [1]. namic range. Extracted from Figure 5 in [1].

Vbp
i
M3a j | 0 = E M3b
d) Ibias

Q1 Q O S s A e i 0l T
|
1 Iy pep(1) | i}
1 Q3 —
s 4 [by byl * binary — thermometer ’ [d, ... dyyys]
Mib ; qua M2a ; ;MZb = )
L Figure 12: Scheme of the 10-bit current-

steering DAC designed for the implementa-
tion of the bleeding current Iy rrp(n), based
on unary-weighted current sources. Extracted
from Figure 13 in [1].

Figure 11: Schematic of the core circuit of the
temperature sensor with current bleeding for
extended dynamic range and variability com-
pensation. Transistor Q1 is placed by the CUT
and away from Q2 and the rest of the sensor.
Extracted from Figure 6 in [1].

This is achieved with the TS circuit in Figure 11. The current mirror Ip;rrp(n) in Figure ??
is controlled by a 10-bit DAC, thereby shifting the voltage-temperature curve and extending
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the measurable temperature range. With the DAC output N we shift the operating point to
be measuring voltage where it is most sensitive. Therefore, the DAC output N is an indirect
temperature measurement.

PDC — AT — AV(AN)

Searching for the central N where Voyr, g = Vg—D by increasing its value by 1 can slow down
the experimental programs, which is very inconvenient in the laboratory. To speed up measure-
ments, a binary search algorithm has been implemented that in 14 searches (about 10 seconds)
finds the desired N value.

4.1.2 Different sensor configurations in PAs

Figure 8 shows the different biasing strategies used in TS 1 (PA 1) and TS 2 (PA 2). A current
mirror is controlled by the DAC N from the Arduino digital inputs and biasing input Isgn1p (as
voltage Vsrn1p) and second biasing Isgn2 for TS 2 and a current copy of ratio 1:1792 for TS 1.
Table 1 details the power amplifier - sensor configurations.

VDD
IN
Irer ° Lenoke
Portl T \| OouT
M
=t |7~\/W—0—| - Port2
(x4) el R (:38)
Figure 13: PA schematic in the PAAGEANT IC.
’ Configuration H PA 1 ‘ PA 2 ‘ PA 3 ‘
Power Sensor None PS1 PS2
Temperature Sensor TS1 TS 2 None
TS biasing internal copy | external instrument | N/A
TS biasing method VSENlb VSENlb and ISENQ N/A

Table 1: Sensor configurations of the different PAs in the PAAGEANT IC.

41.21 PA1 The PA 1 includes TS 1 and no internal PS. The current biasing of the current
mirror branch in TS1 is done via an internal copy of ratio 1:1792, so only the bias voltage Vsgni1s
must be set externally in a range of 2.3V < Vsgn1p < 2.5V.

41.22 PA 2 The PA 2 includes TS 2 and internal PS. The TS 2 is biased with two degrees
of freedom: bias voltage Vsgn1p and current Isgn2. Isgpn2 can also be biased with a voltage
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source, calling it Vareep.

4.1.2.3 PA3 Notincluding a temperature sensor, the PA 3 in the manufactured chips cannot
be directly used for the purposes of this study. However, in the further study of using tempera-
ture sensors and signatures to calibrate for equal gain after Aging, this PA is useful to study the
changes Aging introduces to the characteristics of the PA.

This PA can be characterized with the internal PS and external power sensors and studied as
Aging is applied to the PA. The changes in the PA characteristics can be used to predict the
changes in PA 1 and PA2 that have a temperature sensor TS and choose the best parameters and
strategies to study them before and after the Aging process.

4.2 Instruments used in the measurements

The instruments in Table [2] are used to power, bias and measure the PAAGEANT IC and PCB.
They are connected to a laboratory computer running MATLAB code and communicate via the
GPIB and the LAN (TCPIP0) interfaces.

Rohde&Schwarz Keysight Agilent
NRP-Z11 B2912A E4438C

Agilent
33220
Arduino Due

Signal Recovery
7280

-I Bias Psensor Agilent
[ ] vespsensor 3646A

Keysight

B2912A

Figure 14: Connections diagram of the PCB and instrumentation.

4.3 Code

In order to make laboratory measurement time as efficient as possible, the MATLAB code has
been structured separating measurements from post-processing and plotting. Characterization
can be done by sweeping biasing and input RF variables in a chosen set of parameters, and their
graphical representation and study is a process that can be done entirely separated.

To this end, the MATLAB code created for this study automates the configuring of the tests
and programs, automatically organizes the results in subfolders and saves all experiment data
(parameters and measurements) in the respective subfolders. The post-processing code is run
after each experiment to generate plots and allow critical study on-site, but much emphasis has
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Figure 15: Laboratory setup.
| Usage | Type Brand | Model |
Vpp bias DC source Agilent E3631A
PS bias DC source Agilent E3646A
PA bias: Vpg, Vas DC source Keysight B2912A
TS bias: Vsen1p, Isen2 DC source Keysight B2902A
Input RF signal RF source Agilent E4438C
Voutrs DC measurement Keysight 34401A
N, Voutrs, ambient temp, Vout e || Digital I/O, ADC and DAC Arduino Due
Pour Power measurement Rohde & Schwarz | NRP-Z11
Reference signal to Lock-in AC square signal source Agilent 33220A
Heterodyne Vour,4 Lock-in Signal Recovery 7280
S Parameters Vector Network Analyzer | Rohde & Schwarz | E4438C

Table 2: Instruments used to bias and measure the PAAGEANT IC.

been put so that changes and improvements in the post-processing and plots made afterwards

are automatically applied to all measurements done previously.

Each experiment program performs a set of measurements to obtain a particular characteristic
or group of characteristics, by sweeping a group of variables. In their naming, X is 0 (no PS
bias) or 1 (with PS bias) and Y the particular experiment programs. If not stated otherwise, the
programs use Vps = 3.3V, Vgs = 0.89V, Vsgnip = 2.5V, fs = 1T0MHzV and Af = 10013H 2

when applicable.

[Total duration ~ 3h] [Total duration repeating with PS ~ 6h |
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4.3.1 AO0Y: DC and RF characterization of the PA

[Total duration < 10min] Power Amplifier characterization.

4.3.1.1 AO03: AC frequency response [Duration = 1min 50s] Sweep fs; = [25: 25 : 7T00]M H =
and Vgg = [0.74 : 0.5 : 1.04]V to observe how the gain and drain current /p,, change with
frequency for different V;¢ biasing.

4.3.1.2 A04: 1dB compression point with f,. [Duration = Omin 55s] Sweep P;y = [-20:1:
10]D and f, = [100, 170,200]M H = to find the 1dB compression points for each f.

4.3.1.3 AO05: RF gain characteristics [Duration = 5min 20s] Sweep P;y = [—20 : 1 : 10]D
and Vgg = [0.74: 0.2 : 1.04]V

4.3.1.4 AO06: Ip characterization to V;5 and Vpg [Duration = 2min 30s] Sweep Vpg and Vg
for Py = OFF. Helps find the V7 and see the drain current I, curves.

4.3.2 BXY: Homodyne, TS sensor and thermal coupling characterization and gain signa-
tures

[Total duration < 1h 45min ]

4.3.2.1 BX1: TS non-bias voltage-temperature curve [Duration = 4min] Sweep TS DAC (N)
and measures Vo, for different sensor bias Vsg 1, while Vpg = 0V and Vg = 0V.
Sensitivity and Dynamic Range for non-biased.

4.3.2.2 BX2: TS bias voltage-temperature curve and TS sensitivity and dynamicrange. [Du-
ration = 5min 45s] Sweep TS DAC (N) and measures Voyr,, for different sensor bias Vggnip
while Vpg = 3.3V and Vg = 0.89V.

Sensitivity and Dynamic Range for biased.

4.3.2.3 BX3: TS voltage-temperature curve for non-bias, bias and bias with input RF signal
[Duration = 5min] Sweep TS DAC (N) and measures Voyr, for sensor bias Vopnip = 2.5V.
Bias with input uses Vps = 3.3V, Vgs = 0.89V and P;xy = 0dBm. Visual representation of
biasing and RF input to the thermal coupling.

4.3.2.4 BX5: Signature 2 (2a and 2b) [Duration = 50min] Sweep P;y and Vi, find the best
TS DAC (N) in each measure.

Signature 2a: Gain(AN); NQP;y = [—5,5]dBm for each Vgs.

Signature 2b: Gain(AN) and Ip(AN); NQPry = [OFF, —20]dBm for each Vs.

4.3.2.5 BX6: Thermal coupling from biasing [Duration = 2min] Sweep Vpg and V5.
DC thermal coupling due to the bias point.

4.3.2.6 BX7: Thermal coupling from Py, [Duration = 1min] Non-bias with RF input P;y =
—10dBm.
DC thermal coupling due to the input resistor Rp;qs.
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4.3.2.7 BX8: Signature 1 [Duration = 30min] Sweep P;y and Vg, use a static TS DAC (N)
chosen best for each V5 and measure Voyr,..
Signature 1: Gain(AVour,.); Vour,s @Pry = [—20, —10]dBm for each V.

4.3.3 CXY: Heterodyne temperature characterization and gain signatures

4.3.3.1 CX4: Signatures3and4 [Duration =1h]Sweep Pry and Vs with Af = 10013M H 2.
Signature 3: Gain(slope log(Vour,srock—in) — kPrn) for each Vis.

Signature 4. POUT(SlOpe lOg(VOUTTSLOCk,m) —k}P[N, ); N@P[N = [OFF, —QOdBm] for each Vgs.
4.3.4 DX1: S Parameters characterization

[Duration = Omin 30s] Switch on the Relay to connect the PA input and output to the VNA that
computes the S parameters.

4.3.5 EO01: Convert data

[Duration = Imin/experiment set] Allows deleting and/or regenerate all figures or a selection
of them from the .mat files containing all the experiments results.

4.3.6 EO02: Plot figures

[Duration = 10s/experiment] Computes relevant post-processing characteristics such as sensi-
tivity or dynamic range and plots all figures respective to the current experiment running.
4.3.7 EO03: Post-process all ICs signatures and characteristics

[Duration = 10s] Performs the statistical analysis and plots of all the important TS characteristics
and signatures.
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5 Measurements

5.1 Power Amplifier characterization

The automated testing thoroughly characterizes each PA as well as its TS. Doing so allows com-
paring temperature data and thermal coupling among different ICs measured according to the
actual electrical gain and drain current in their PAs.

The DC characterization of the PA MOS transistor is computed by Program A06: Ip characteri-
zation to Vg and Vpg and shown in Figures 16 and 17. It will be of use to know the character-
istics before and after applying Aging.

Vds=0.00V
Vds=0.06V
Vds=0.10V/
Vds=0.20V

Characteristic of V ;g and Iy Characteristics for Vo and Iy

PA1 Chip22 0045 A06: PA1 Chip22 0045 A06:

012

Vds=0.30V
Vds=0.40V
Vds=0.50V
Vds=0.60V
Vds=0.70V
Vds=0.80V
Vds=0.90V
Vds=1.00V
Vds=1.10V
Vds=1.20V
Vds=1.30V
Vds=1.40V
Vds=1.50V
Vds=1.60V
Vds=1.70V
Vds=1.80V
Vds=1.90V
Vds=2.00V
Vds=2.10V
Vds=2.20V

Vgs=0.00V
Vgs=0.10V
Vgs=0.20V
Vgs=0.30V
Vgs=0.40V
Vgs=0.50V

Vgs=0.90V
Vgs=1.00V
Vgs=1.10V
Vgs=1.20V
Vgs=1.30V
Vgs=1.40V
Vgs=1.50V

Vgs=060v|
Vgs=0.70V | /
Vgs=080V |/

Vds=2.30V
Vds=2.40V
Vds=2.50V
0.02 - Vds=2.60V
Vds=2.70V
Vds=2.80V
Vds=2.90V
ol Vds=3.00V
Vds=3.10V
Vds=3.20V
Vds=3.30V

Figure 16: Drain current Ip, . characteristics Figure 17: Drain current Ip,, characteristics
vs Vag of PA1. Vi = 0.05V is observed. vs Vpg of PA 1.

The DC operating point, with nominal PA bias of Vps = 3.3V and Vgs = 0.89V, is given by
design. However, the ideal operating frequency f; may have shifted in between design, simu-
lation and manufacturing the ICs and their interaction in the PCB designed and manufactured
to power, bias and measure the chips. To better characterize the PA in RF and study its gain, the
best experimental frequency fs must be chosen.

To do so, a sweep of f; must be measured to see the gain in function of the frequency and biasing
Vs, and Program A03: AC frequency response accomplishes this goal. Figures 18 and 19 show
the gain and drain current Ip, ., vs base frequency f; for several gate-source voltages Vps. At
around f, = 170M H z the nominal gain is 10.

Figure 20 shows the S Parameters measurements performed by Program DX1: S Parameters
characterization. The input reflection coefficient S11 is at its lowest close to f; = 170M Hz in all
chips and similarly with output reflection coefficient S22, so this is frequency is chosen over the
suggested 100M Hz or 200M H z. In Figure 21 the gain and current can be seen with the three
frequencies, along with their 1dB compression points.
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AC frequency response

AC frequency response

PA1 Chip22 0045 A03: VGS=0'89v VDS=3'3V P=5dBm

PA1 Chip22 0045 A03: VGS=0'89V VDS=3'3v P,=-5dBm

0.06 T T T
20 T T T T T T
Vgs=1.04V
Vgs=1.04V Tr— Vgs=0.99V ||
Vgs=0.99V 0.05 - Vgs=0.94V | +
Vgs=0.94V I T Vgs=0.89V
Vgs=0.89V b - Vgs=0.84V [ |
Vgs=0.84V Vgs=0.79V
Vgs=0.79V . 0.04f Vgs=0.74V | |
) Vgs=0.74V <
k) o
~ [=]
c _D
T 0.03 |- 7]
O
0.02 k
0.01 | I | | I I
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Figure 18: Gain characteristics for f; of PA 1.

Figure 19: Drain current Ip, . characteristics

for fs of PA 1.

PA1 Chip22 0045 D01: S parameters @ VDS=3.3V VGS=O.89V
S11 channel #1

100 200 300 400 500 600 700
Frequency (MHz)

Figure 20: S parameters of PA 1.
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The 1dB compression points for different frequencies f; are computed by Program A04: 1dB
compression point with fs; and depicted in Figure 21, while the 1dB compression points for
different Vz5 bias voltages are computed by Program A05: RF gain characteristics and depicted
in Figure 22. The Py step value is 1dBm, but it can be seen that for P;x0dBm for smaller Vs
bias voltages the gain is significantly affected and the 1dB compression points start appearing
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at 6dBm, so 5dBm should be the maximum power used in signatures.

AC characteristics to find 1dB compression point
PA1 Chip22 0045 A04:

20 1

P oy (9BM)

0.06

Freq=100MHz
Freq=170MHz
Freq=200MHz

0.055

0.05

VGS =0.89V
VDS =3.3V

10

Figure 21: 1dB compression points of PA 1 around the operating frequency f; = 170M H z.
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AC characteristics for many Vas

PA1 Chip22 0045 A05: f,=170MHz

P our (4BM)

Vgs=1.04V
Vgs=1.02V
Vgs=1.00V
Vgs=0.98V
Vgs=0.96V
Vgs=0.94V
Vgs=0.92V
Vgs=0.90V
Vgs=0.89V
Vgs=0.88V
Vgs=0.86V
Vgs=0.84V
Vgs=0.82V
Vgs=0.80V
Vgs=0.78V
Vgs=0.76V
Vgs=0.74V

Gain (dB)

Figure 22: AC characteristics of PA 1 for different V5.

5.2 Quantifying thermal coupling

The design and behavior of the temperature sensors TS in the PAAGEANT IC is found in Section
Differential temperature sensors in PAAGEANT. The following section will study its character-
istics

5.2.1 Temperature Sensor characterization

The temperature sensors TS 1 and TS 2 operate by setting a DAC integer N to the current mirror
so that the output voltage Voyr,., curve central point is offset. The best value of N is set that
has Vour,¢ at its central value (732 = % = 1.65V), in the linear and very sensitive voltage

region, and the value of N and Voyr,4 are stored.

As explained in section 4.1.2, TS 1 and TS 2 bias externally their current mirror in different ways,
and their performance varies as a result. In the next measurements and characterizations, the
TS 1 will be used and assumed, which sets the biasing of the current mirror with an internal
copy of 1:1792 of the current that results from its bias voltage Vsgn1s-

The characteristics and performance of TS 1 depend on the bias voltage Vs 1y, applied. There-
fore, the first step is choosing the most convenient Vsgy1p.

5.2.1.1 Sensitivity and Dynamic Range The different curves of the temperature measure-
ment using TS 1 can be seen in Figure 23, where N sweeps and Vo7, measurements are per-
formed with the PA non-biased (dashed lines) and biased (solid lines) for Vgpn1y, = [2.3,2.4,2.5]V.
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When biasing the PA, power is dissipated as heat and the thermal coupling is measured by the
TS sensor as a shift in the voltage-temperature curve, so the central N has increased. The result-
ing sensitivity and dynamic range are displayed in Table 3.

The curve measurements to obtain the sensitivity and dynamic range are computed by BX1: TS
non-bias voltage-temperature curve for non-biased and by BX2: TS bias voltage-temperature
curve and TS sensitivity and dynamic range for biased.

Homodyne N sweeps for non-biased (dashed) and bias (solid) without RF Homodyne N sweeps for non-biased (dashed) and bias (solid) without RF
PA1 Chip30 0055 B02: V) = 3.3V Vo = 0.8V PA1 Chip22 0045 B02: Vo =3.3V V¢ = 0.89V

Figure 23: Vour,s vs TS DAC (IN) sweep for Figure 24: Voyr,, vs TS DAC (N) sweep for
different Vsgn1p bias voltages for the PA non- different Vsg 1, bias voltages for the PA non-
biased (dashed line) and biased (solid line) in biased (dashed line) and biased (solid line) in
Chip 30. Chip 22.

There are significant differences in the TS center N values for non-bias and bias between the
different studied ICs, as seen when comparing Figures 23 and 24. Their drain currents Ip are
also different, but not in such a significant degree. Also, some ICs have non-bias curves whose
center N value decreases when increasing Vggn1,. This difference in TS behaviors will affect
the repeatability of the proposed signatures in Section 5.3. However, having the TS in each IC
characterized allows for individual calibrations of the signatures to each particular IC.

The voltage curves shown in Figure 23 and the sensor characteristics shown in Table 3, particu-
larly the superior Dynamic Range, show that Vsgn1, = 2.5V is the best performing bias voltage
for the current mirror of TS 1. Testing showed that with higher values the sensor did not operate
properly and its sensitivity did not increase, so Vggn1, = 2.5V is the bias voltage chosen for TS
1.

The small variances shown in Table 3 when characterizing for the 11 chips indicate that the PAs
in all ICs have different electrical characteristics and their TS reflect that in their measurements,
but the TS characteristics are similar.

On one hand, Figures 25 and 26 show the non-biased and biases, respectively, sensitivity for the
11 measured ICs. On the other hand, Figures 27 and 28 show their dynamic range, non-biased
and biased, respectively.
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] VseN1b H 23V \ 24V \ 25V \
Sensitivity (non-bias) [V/#N] 0.33848 | 0.36007 | 0.35051
Variance o2 0.00313 | 0.00402 | 0.00402
Standard deviation o 0.05592 | 0.06341 | 0.06339
Sensitivity (bias) [V/#N] 0.29677 | 0.32772 | 0.32630
Variance o2 0.00213 | 0.00221 | 0.00250
Standard deviation o 0.04689 | 0.04696 | 0.04996
Sensitivity (bias) [#N/mW] 1.0004
Variance o2 0.01149
Standard deviation o 0.10720
Sensitivity (bias) [V/mW] 0.32460
Variance o 0.00246
Standard deviation o 0.04961
Dynamic Range (non-bias) [V/#N] || 1.2838 | 1.7463 | 2.2357
Variance o 0.00116 | 0.00118 | 0.00150
Standard deviation o 0.03410 | 0.03442 | 0.03879
Dynamic Range (bias) [V/#N] 1.2379 | 1.6895 | 2.2270
Variance ¢ 0.00181 | 0.00141 | 0.01902
Standard deviation o 0.04260 | 0.03749 | 0.13790

Table 3: TS 1 (PA 1) characteristics for 11 chips measured. mW/N values only measured for
chosen Vggn1p = 2.5V at section ??2.

05 Non-biased sensitivity comparison for TS 1 (PA 1) 05 Biased sensitivity comparison for TS 1 (PA 1)
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Figure 25: Non-biased sensitivity comparison Figure 26: Biased sensitivity comparison for TS
for TS1 (PA 1). 1(PA1).

5.2.2 DC thermal coupling

The power dissipation causes an unbalance in the TS, so its measured voltage Vour,, goes to

saturation region. The programs move the central N to have its TS output voltage at Voyr, 3 =
Vop
R

Figure 3 shows in colored rectangles the main generators of heat, dissipating power that could
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Non-biased dynamic range comparison for TS 1 (PA 1) Biased dynamic range comparison for TS 1 (PA 1)
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Figure 27: Non-biased dynamic range compar- Figure 28: Biased dynamic range comparison
ison for TS1 (PA 1). for TS1 (PA 1).

be measured by the TS by thermal coupling.

y VSENTS [23V][24V |25V |
Thermal coupling Ppc [N] 67.5 | 81.8 | 105
Variance o2 26.1 | 42.4 104
Standard deviation o 511 | 651 | 10.2
Thermal coupling Ppc [mW]] 102
Variance o2 102
Standard deviation o 10.0
Thermal coupling Ppcy,, [N] 0 0 0
Variance o2 0 0 0
Standard deviation o 0 0 0

Table 4: TS 1 (PA 1) thermal coupling for 11 chips measured.

5.2.2.1 DC thermal coupling due to the bias point Program BX6: Thermal coupling from
biasing performs a Vs and Vpgs sweep without input RF signal to characterize the thermal
coupling and the sensitivity in mW/N of the TS 1. The V¢EN1b = 2.5V has already been
chosen to get the best measurement, so it is the one used in program BXe6.

On one hand, the results of the V5 sweep for Vps = 0V in Figure 29 show that gate-source
contribution to the bias thermal coupling is very small and not measured as an increase in the
measured temperature N by the TS 1.

On the other hand, the results of the V55 sweep for Vpg = 3.3V in Figure 30 show a straight line
of the dissipated power with the measured N of the TS 1. Therefore, the measurement of dissi-
pated power (or temperature, as of Eq.7) with the DAC N of the TS 1 is a linear measurement.
The slope and intercept of this measurement can be used for the sensitivity in mWW/N and the
thermal coupling as a bias offset value. The bias thermal coupling for the 11 ICs measured is
detailed in Table 4 and the sensitivity in mW/N in Table 3.
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Thermal coupling from PA 1 bias Thermal coupling from PA 1 bias
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Figure 29: DC thermal coupling due to the Figure 30: DC thermal coupling due to the
gate-source bias point of PA 1. The differ- drain-source bias point of PA 1. The differ-
ent points correspond to values of Vg = ent points correspond to values of Vgs =
[0.74,0.79,0.84,0.89,0.94,0.99, 1.04] V. [0.74,0.79,0.84,0.89,0.94,0.99, 1.04]V.

5.2.2.2 DC thermal coupling due to the input resistor Ry;,s The input resistor Rp;,s has a
contribution to the DC thermal coupling as defined in Eq. 3. This is measured by Program BX7:
Thermal coupling from Pg,,, by having no other bias sources (Vs = 0V and Vps = 0V') and
applying an input RF signal Py = —12dBm. The thermal coupling contribution due to the
input resistor is so small it is not measurable by the DAC N of the TS 1.

5.3 Gain signatures

4 gain signatures from temperature measurements have been proposed. They use homodyne
and heterodyne methods and different measured variables to perform gain estimation.

The procedure to propose and study the signatures will be the following:
e Choose a type of measurement of temperature to relate to gain: AVoyr,¢

e Choose a range of P;y values to use if the type of measurement of temperature requires
it. Signature 1 does require this.

e compute the signature normalizing to the IC sensitivity and plot the Signature as a scatter
plot

e perform a polynomial fitting that helps
e Post-process the signature to all measured ICs

e Compare and show the mean and variance of the polynomial fittings of the signatures of
the 11 ICs.

5.3.1 Homodyne gain signatures

Signatures 1 and 2 use the two possible temperature measurements (Voyr,¢ and the DAC cen-
tral N that has Voyr,; = 1.65V) to obtain gain signatures.
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5.3.1.1 Signature 1: Gain(AVour,.); Vour,s @Prn = [—20,—10]dBm  BX8: Signature 1 uses
the temperature sensor output voltage Vour, for a fixed N that is chosen with RF input Pry =
—20dBm for each Vgs. The choice of individual DAC N of TS 1 for each bias voltage Vs at
Pry = —20dBm and not one single is due to the high voltage-to-N sensitivity of the sensor.
While two values could be close together enough to be in the linear voltage region shown in
Figure 23, the rest of differently Vi;5 biased output voltages Vour, would lie outside their
dynamic range and not be accurate temperature measurements. Therefore, it is more accurate
for Signature 1 to choose the most suitable N for each bias voltage Vz5 and see its own evolution
when increasing Pry.

The effects of the DC power dissipation subfolding mentioned in Section 3.3.2.2 can be seen in
the evolution of Voyrr, ¢ for a fixed N in their different bias voltages Vs in Signature 1, as seen in
Figure 31. The power dissipation subfolding is visualized in the temperature sensor output volt-
ages Vour,s decreasing with increasing Pry for the higher values of V5 and increasing with
Pry for the lower values of V5. Increasing the RF input power P;y increases the temperature
for the lowest V5 and decreases the temperature for the higher V.

Homodyne central N points and sensor output voltage
PA1 Chip22 0045 B08:

Vgs=1.04V
Vgs=1.02V
250 Vgs=1V 4

Vgs=0.98V |
Vgs=0.96V
Vgs=0.94V
Vgs=0.92V

Vgs=0.9V
Vgs=0.89V
Vgs=0.88V
Vgs=0.86V
Vgs=0.84V
Vgs=0.82V

Vgs=0.8V
100 ‘ ‘ ‘ ‘ : ‘ ‘ ‘ Vgs=0.78V [~
-20 -18 -16 -14 -12 -10 -8 -6 - Vgs=0.76V 0
PIN (dBm) Vgs=0.74V

200 -

150

Figure 31: Temperature sensor output voltage Voyr, ¢ (top) for fixed N (bottom) used in Sig-
nature 1 of TS 1 (PA 1), measured at P;y = [—20, —10]d Bm for chip 22.

The choice of right Pry = —10dBm to compare Voyr,s to Pry = —20dBm is done experimen-
tally. The Gain(Vgg) evolution is portrayed in Figure 22 to be monotonically increasing with
Vas, so the vertical order of the gain will be followed in Signature 1 in Figure 32. However, the
AVout,4 voltage variations can be too small to be significant if the right P;y is taken close to
Prny = —20dBm or too large and out of the sensor linear voltage region for P;y — 6dBm. All
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possible values of right P;y are represented in Figure 33. A wide range of horizontal AVoyr,¢
is an important criterion, since noise and power dissipation subfolding affects the voltage mea-
surement in the temperature sensor.

BX8: Signature 1 computes in post-processing all versions of Signature 1 with the right Prx so
they can be compared. P;y = [—20, —10]d Bm was chosen as shown in Figure 32 for having the
most monotonically ordered horizontal distribution of AVoyr,..

The linear fitting of Signature 1 with Py = [—20, —10]dBm for the 11 ICs is shown in Figure 34,
with the slopes k; and intercepts C represented visually in Figure 35 and numerically in Table 5.
The slope k1 has a high relative variance comparing the 11 ICs measured, but the signatures can
be calibrated for each particular chip. The measured AVpy 7, ranges are similar, so Signature
1 can be a consistent gain signature.

Signature 1: Gain(AV,

ouT ). AVOUT @ Pin: -20dBm - (X dBm)
Signature 1: Gain(AVy ;1 ). AV, @ Pin:-20dBm - (-10dBm) oc bc
bc bc PA1 Chip22 0045 B08: Comparison of right Pin to choose the better signature
B PA1 Chip22 0045 B08: ‘Gain (dB) @ Pin = -20 dBm
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I
105 - I b
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10 s kel
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Figure 32: Signature 1 of TS1 (PA 1), measured
at Pry = [—20,—10]dBm for chip 22.
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Figure 33: Shape of the linear fitting of Signa-
ture 1 for different values of right Py with left

Py = —20dBm for TS 1 (PA 1).
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Signature 1 polynomial fitting for TS 1 (PA 1)
Gain (dB) @ Pin = -20 dBm
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Coefficients of polynomial fitting in Signature 1 for TS 1 (PA 1)

Slope of polynomial fitting k, [dB/V]: kzx2 +k,x + C[dB]
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Figure 35: Coefficients of polynomial fitting of

Figure 34: Comparison of linear fitting of Sig-  proposed Signature 1 of TS1 (PA 1) for 11 ICs.
nature 1 of TS1 (PA 1) for 11 ICs.

5.3.1.2 Signature 2a: Gain(AN); NQP;y = [-5,5|dBm BX5: Signature 2 (2a and 2b) is
divided in two variants of proposed signatures, 2a (Gain(AN)) and 2b(Ip(AN)). Signature
2a uses a AN with right and left Pry = [—5,5]dBm, while Signature 2b uses a AN with right
and left P;y = [OF F, —20]dBm.

Signatures 2a and 2b use the temperature sensor DAC central N chosen for each measurement
so that Vour,s = VDTD = 33V — 1,65V, as seen in Figure 36. The selected RF input power for
Signature 2a is chosen Py = [—5, 5|dBm where the dissipated power subfolding is very visible
and maximizes the measured range AN. The curve fitting for the gain in Signature 2a of chip 22
is shown in Figure 37, and for the 11 ICs measured in Figure 38. The polynomial characteristics
of the curve fitting for the 11 measured ICs are displayed in Figure 39 and numerically in Table

5.

Compared to Signature 1, Signature 2a has more error in the curve fitting, but the AN measured
values are more spaces and all monotonic despite being in the region most affected by the power
dissipation subfolding.
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Figure 36: Features used in Signatures 2a and

Homodyne central N points and sensor output vol
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Figure 37: Signature 2a of TS 1 (PA 1) for IC 22.
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Figure 38: Comparison of polynomial fitting of 1).

Signature 2a of TS1 (PA 1) for 11 ICs.

5.3.1.3 Signature2b: Gain(AN)and Ip(AN); NQP;y = [OFF,—-20/dBm Signature 2b also
uses the DAC central N as a signature of the gain, but taken at values of P;y = [OF F, —20dBm)|,
which is the DC thermal coupling from biasing expressed in Table 4.

The curve fitting for the Ip,,, and Gain in Signature 2b of chip 22 is shown in Figure 40, and for
the 11 ICs measured in Figure 41. The polynomial characteristics of the curve fittings for the 11
measured ICs are displayed in Figures 42 and 43 and numerically in Table 5.

Signatures 2b Ip,,, and Gain show very good variances for a very wide range of AN that cor-
responds to the DC thermal coupling from biasing.
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Signature 2b: Gain(AN)
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Figure 40: Scatter plot and polyno-

mial fitting Signature 2b Gain(AN) and Figure 41: Comparison of polynomial fittings
Ip(AN); NQP;y = [OFF,—20dBm)] for TS 1 of Signature 2b for TS 1 (PA 1) for 11 ICs.

(PA 1) for IC 22.
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Figure 42: Coefficients of polynomial fitting of Figure 43: Cgefﬁcients of polynomial fitting
proposed Signature 2b Gain(AN); NQP;y = of proposed Signature 2b Ip(AN); NQP;y =
[OF F, —20dBm)] of TS 1 (PA 1) for 11 ICs. [OFF,-20dBm] of TS1 (PA 1) for 11 ICs.

5.3.2 Heterodyne gain signatures

CX4: Signatures 3 and 4. The heterodyne gain signatures should not be so affected by the
noise and DC levels from biasing that are intrinsic in homodyne measurements. The Lock-in
VouTy s Lock—in Measurements have very narrow bandwidth BW and show the A f intermodu-
lation product AC voltage in the temperature sensor as LPF filter done by the thermal coupling
in Figure 2 has allowed to reach the TS.

The right Af must be chosen to measure Voyr,gLock—in close to the Lock-in range of 1V so
that the noise rejection is higher. The smaller the A f, the higher the Vour, 4 rock—in. In the lab
experiments, A f = 10.013M H z was the best value for the TS 1 bias Vsgn1p = 2.5V. The output
power measurements in heterodyne when the PA is biased with two tones were noisy due to
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the instrument used, so the Poyr and gain were extracted from the RF characterization of the
PA in Section ??.

An interesting characteristic of Vour,srock—in(Gain) for different Pry is shown in Figure 44,
with the same characteristic for different V(;s is shown in Figure 45. Gain signatures for known
Prn or Vigs could be extracted from them, but there are better options.
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Figure 44: Heterodyne characteristics Figure 45: Heterodyne characteristics
VourysLock—in(Gain) for different Pry of Vour,srock—in(Gain) for different Vg of
TS 1 (PA 1) for IC 22. TS 1 (PA 1) for IC 22.

5.3.2.1 Signature 3: Gain(slope log(Vour,sLock—in) — kPrn) Signature 3 uses an interesting
property of the aforementioned characteristics. The 10log of the Voyr, ¢ Lock—in has an almost
quadratic relation with the input RF power Py . This means that the slope of the log(Vour,.s Lock—in) —
kPrn, being k the correcting factor of measured mean k = 2.2, can be made flat and compact.

This relation forming a flat, compact line holds for Py = [—20, —15]dBm.

The proposed Signature 3 can be seen in Figure 46 where the different points for each Vg are
the measured in log(Vour,s Lock—in) — kPrn for Pry = [—20, —15]dBm, with curve fitting. The
same signature can be seen represented as maximum and minimum error bars in Figure 47. The
curve fitting for the 11 ICs measured is displayed in Figure 48 and their polynomial coefficients
in Figure 49 and in numerical form in Table 5.

The signature curve fitting is very promising on an individual level, although the intercept C is

very different for half of the chips measured. This means that this signature can be used and
calibrated for each chip, and used as a heterodyne gain signature.

6@ oo



Experimental monitoring of the gain in RF PAs using Temperature Measurements

page 43

; - Gai « ; . Gai e
Signature 3: Gain(slope Iog(VoUT ki PlN)) Signature 3: Gain(slope Iog(VOUT ki PlN))
Lockin Lockin
PA1 Chip22 0045 C04: fs=17DMHz Af=10013Hz Correcting coefficient k=2.3 PA1 Chip22 0045 C04: fs=170MHz Af=10013Hz Correcting coefficient k=2.3
104 - 104 -
4 Vgg=1.04V / HH Vge=1.04V
e
102] |+ Ves=102V /?“% 102l | HH Vegeto2v L
V=1V e ) Vgg=1V !
1ol [ Ves=0s8v o ol 5 Ve=0.98V e
e Vgg=0.96V h Vgg=0.96V .
V 5=0.94V V (=0.94V e
|- Gs L GS’
98|, Vgg=0.92V 98 131 Vgg=092V =
otV gg=0.9V B Vgg=09V el
Ry V5g=0-89V o6 1 Vgg=0-89V
g @ e
2 V=088V ] V=088V
T 941 Vo= T 94 P —
£ 4V gg=0.86V £ 14 Vgg=086V
o o Vg=0.84V o} 1 Vge=084V
92 V=082V 92 V=082V ot
stV gg=0.8V 131 Vgg=08V
9 |—k—Vge=078V oF | 11 Vgg=078v lnzal
otV gg=0.76V 5 Vg=0.76V
88| Vgg=074V |-~ 88| V=074V —
86 == 86
54 S R . . . . . . ) 64 . . . . . . . . )
6 5 4 3 -2 -1 0 1 2 3 6 5 -4 -3 2 -1 0 1 2 3
Slope log(Voyr ) -KPy (V) Slope log(Voyr ) -KPp (V)
Lockin Lockin

Figure 46: Scatter plot and polynomial fitting
of Signature 3 of TS 1 (PA 1) for IC 22.
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Figure 48: Comparison of polynomial fittings
of Signature 3 of TS 1 (PA 1) for 11 ICs.

Figure 47: Proposed Signature 3 ranges of TS 1
(PA 1) for IC 22.
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Figure 49: Coefficients of polynomial fitting of
proposed Signature 30f TS 1 (PA 1) for 11 ICs.

5.3.2.2 Signature 4: Poyr(slope log(VOUTTsLock—in) — kPry,); NQP;y = [OFF,—20dBm)|
The same slope log(Vour,sLock—in) €ncountered in Signature 3 can be represented with the
Poyr and the DC thermal coupling as a measurement of ); NQP;y = [OFF,—20dBm|, as

seen in Table [4].

Signature 4 forms a 3D inclined plane formed by the DC thermal coupling ); NQP;y = [OFF, —20dBm]
with Poyr as with the homodyne Signature 2b and with extra height given by the heterodyne

slope log(Vourys Lock—in) Measured.
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Figure 50: Signature 4 of TS 1 (PA 1) for IC 22.

5.4 Conclusions on the proposed gain signatures

The usage of the measured Voyr, 4 in Signature 1, having a much smaller range to the DAC N
used in Signature 2 and Signature 4, can make it more impractical or less accurate. The hetero-
dyne gain Signature 3 can be further modeled to be used in the post-Aging recalibration.

Using signatures without calibrating the instruments and also calibrating to the individual TS
characteristics of each IC is prone to uncertainties. By only having a temperature Signature on
an untested IC, it is not possible to precisely monitor its gain. This can be done in further work
and even directly in the Aging process, using the signatures before the Aging to correct the gain
loss after the aging without even characterizing the gain.

Both homodyne and heterodyne gain signatures show promise as estimators of the power am-
plifier gain from indirect temperature measurements. Homodyne procedures had been deemed
too noisy and with a DC thermal coupling too high relative to the variations related to the RF
signal DC thermal coupling contribution, but the homodyne gain signatures show promise and
are not to be discarded. Signature 4 or a variation of it could be a good combination of the
Lock-in and N measurements to allow recalibration post-aging.

All characteristics and signatures are automatically generated by the post-processing programs
developed in the thesis, so small changes in the signature code allow for different visualizations
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of the saved measurements.

The following Table 5 contains the detailed statistics of the curve fitting of the proposed signa-
tures measured on the 11 ICs in the laboratory.

Signatures Sig1 Sig 2a Sig 2b Gain | Sig 2b Ip,,, Sig 3
Measured variable Vourrs N N N N

ko 0 0 -0.10992E-3 0 0.02095

Variance o2 0 0 406.49E-12 0 24.000e-06
Standard deviation o 0 0 20.162E-06 0 0.00490
k1 3.6707 -0.02514 0.03612 3.6707 0.55567
Variance o 0.17937 | 5.5566E-06 | 13.254E-06 0.17937 0.04550
Standard deviation o 0.42352 0.00236 0.00364 0.42352 0.21331
C [dB] 9.0421 9.3373 7.1482 9.0421 12.589
Variance o2 [dB] 0.00305 0.00256 0.01296 0.00305 7.0425
Standard deviation o [dB] || 0.05522 0.05056 0.11384 0.05522 2.6538

Table 5: Fitting parameters of the TS 1 (PA 1) signatures for 11 chips measured.
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Conclusions and future work

This thesis has achieved its goal of Experimental monitoring of the gain in RF PAs using Temper-
ature Measurements by proposing gain signatures and studying their statistics. The signatures
use both homodyne and heterodyne procedures proposed by the previous work, so the analysis
and implementation can be further developed in the TOGETHER project using the PAAGEANT
IC.

Optimal experimental parameters such as the PA RF base frequency f;, the biasing for the tem-
perature sensor Vsg 1, Or heterodyne difference frequency A f have been studied in the labo-
ratory, and are suggested to be used in further studies.

The thesis has even studied and measured the temperature sensor TS 2 (PA 2), but it presents be-
havior different enough when trying the best biasing to grant further research. Also, including
those differences would compromise the clarity of this thesis memory that attempts to present
the gain signatures from temperature measurements.

The measurements with TS 2 (PA 2) have been performed with and without PS biasing, to also
compare and try detecting the effect of the PS, with several biasing options so that the study
for TS can be continued. The programs developed in this thesis already measure TS 1 or TS 2
without effort by the laboratory staff and the programs automatically post-process and generate
all the data and figures presented in this thesis memory.

Finding optimal experimental parameters for TS 2 and comparing the signatures obtained with
both temperature sensors and with and without power sensor PS biasing is the next logical step
in the experimental development of the project.

After that, the Aging code can be very easily integrated to the automated programs developed
in this thesis and all characteristics and signatures can be compared. The Aging experiments
are feasible to be performed in the next study on the project.
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