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measurements of the sensor temperature distribution under
various applied power conditions. A simple and approximate

model was developed, and adjusted based on experimental
results, which was then used to show the effects of the variations
in any of the above mentioned layout parameters on the overall

Abstract - Micromachined power sensors with operation up to
50 GHz were recently achieved in CMOS technology [1]. To
improve their sensitivity and signal-to-noise ratio, while
maintaining microwave performance, several design parameters
must be considered, such as the number and placement of

thermocouples. This paper presents experimental and analytical
thermal characterization of the sensors, which provides insight
into the proper adjussment of the layout parameters.
Experimental results were obtained by indirect measurements of
the sensor temperature distribution under various applied power
conditions. A simple and approximate model was developed, and
adjusted based on experimental results, which was then used to
show the effects of the variations in layout parameters on the
overall device sensitivity. The modé includes thermoelectric
Peltier and Thomson effects.

|. INTRODUCTION

Thermocouple-based power sensors have been one of the
most widely used tools for microwave power detection [2].
These sensors employ a simple principle of conversion of electric
power to thermal power, which is then indirectly measured. We
have recently developed a class of thermoconverters for
broadband microwave power measurement up to 50 GHz
[1],[3],[4] that are monolithically integrated in standard CMOS
process by introducing novel post-processing micromachining
methodology [1],[5].

In past IC implementations of thermoelectric sensors using
micromachining techniques, the main design emphasis was to
obtain as high sensitivity as possible [6],[7]. In our work the
main objective was to attain good broadband microwave
matching. This comes at the cost of lowered sensitivity, since the
numerous thermocouples in very close proximity of the

microwave termination resistor affect the sensor’'s microwa
matching performance. At the same time, the necessary grou
planes act as heat sinks and substantially decrease devic

thermal efficiency.

It is still possible to attain higher sensitivity by clever layout

device sensitivity.

The combined results present a very useful tool for the
design of such thermoelectric sensors, such that development

time can be greatly reduced.
II. FABRICATION AND MEASUREMENT SETUP

Devices were fabricated through the MOSIS service, in the

n-well 2.0 um CMOS process. Subsequently, hybrid silicon
micromachining methodology, described in detail in [5], was
used to remove bulk silicon substrate beneath the high-frequency
coplanar waveguides, microwave terminations, and hot
thermocouple junctions. An example of afully fabricated device
isshownin Fig. 1.

Thermal measurements of actual devices were performed
using a thermal imaging microscope. Suspended power sensors
were prepared as described above and packaged in 40-pin DIPs.
The packages were mounted on a copper block and attached to
the microscope stage. Heat sink paste was used to ensure good
thermal connections between the package and the stage. Power
was applied to the sensor using a variable voltage source. Both
applied voltage and current were monitored to record exact input
power during measurements.

The therma imaging microscope records 2-D images of
radiance in the infrared wavelength range. The temperature of the
deviceis determined by comparing radiance images of the device
at known temperatures with radiance images of the device under
t\%t. These images were exported and analyzed using a
mﬁi@ematical software package. A zero-input radiance image
wggused to align the thermal images with the actual devices.

I1l1. SPICE EQUIVALENT CIRCUIT FOR THERMAL MODEL
Following nomenclature is used in this section, in agreement

of the thermocouples, and proper adjustment of parameters sg¢hat used by Swart and Nathan [8].

as: number of thermocouples, their suspended length, their A
proximity to the termination resistor, their lateral position with h
respect to the resistors’ temperature distributions, etc. A tool is |
therefore needed for the optimization of the sensors that would !
predict overall device sensitivity and signal-to-noise ratio for a g

variety of layouts.

In this work, we report on the results of both experimental
and analytical thermal characterization of the micromachined
microwave power sensors, which provides insight into the proper

Area (m?)

Heat-transfer coefficient (W/m?K)
Current (A)

Length (m)

Heat transfer/unit area (W/m?)
Heat transfer/unit volume (W/m?)
Temperature (K or °C)

tcr  Temperature coefficient (1/K)
Thermal conductivity (W/mK)
Resistance at room temperature

adjustment of the above parameters to optimize device The methodology for modeling of conduction and free

sensitivity.
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Experimental results were obtained by indiregl. «ction used here was first introduced by Swart and Nathan

in [8]. In their work, the thermal conduction, radiation, and
convection equations [9] are translated into equivalent circuit
elements and subsequently solved using SPICE. Heat flow is
represented as current, temperature as voltage, and heat power as
electrical power. Our analysisin thiswork is simplified from [8]
in the following ways. In the convection model, only natural
convection is of interest, and all convective losses are
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Figure 1. Microphotograph of the CMOS micromachined microwave
power sensor.
lumped into one thermal resistance term. Another simplification
is in the subdivision of the actual structure in a relatively small
number of regions in a two-dimensiona plane, as shown in Fig.
3, since we are more interested in observing optimization trends,
rather than attempting to predict device performance very
accurately. Finaly, as an additional simplification, temperature
dependence of thermal conductivity for the materials present, and
radiation losses, are neglected. This is easily justified since the
devices are specified to operate up to 10 mW maximum input
power for which case maximum temperature on the device is <
100 °C, and therefore not much above room temperature.

Therefore, in the simulations of interest here, we are only
interested in 2D steady state case conduction, and free
convection. Steady state case conduction is given by the Poisson
equation:

Of«OT)=-q'. @

Total heat transfer from a surface A due to free convection is
given by:
q= hA(Ts _Tf )’ (2)

where T, is surface temperature and T; is the free stream
temperature in the case of forced convection, or simply ambient
temperature.

The three-dimensional thermopile structure is treated as 2D
in the layout plane, due to the fact that only air is present above
and below the structure, and the convective losses in those
directions can be combined into one resistive circuit element at
each element in the plane. The 2D layout is further subdivided
into smaller elements, each being one of four types as shown in
Fig. 3. Since the modeling was not aimed at high accuracy, the
subdivisions are relatively large, as shown in the figure. Each
element is then represented as the equivalent circuit of Fig. 4,
with particular values depending on the element type, and size.
In general, the resistors in the figure are non-linear, and may
depend on the temperature or other parameters. The current
source in Fig. 4 is only applicable for resistive elements in the
device structure where dissipated power generates heat, and may
also have temperature and other dependence.

In accordance with Swart and Nathan [8], each of the circuit
elements shown in Fig. 4, representing heat transfer, is

ﬁ"c\' ons

Figure 2. Measured temperature distribution at dc bias of 20 mW.
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Figure 3. (Upper figure) Outline of half the thermopile (even
symmetry), showing pertinent dimensions for optimization. (Lower
figure) The corresponding four types of elements and subdivisions
used in simulations.

described by a voltage-controlled current source (VCCS). The
form used hereis simply:

| =a, +aV+aV’+.., ©)
since it sufficiently describes the thermal resistances shown in
the figure, and the temperature-dependent heat generation in
polysilicon.

In the simple case where there is no variation in parameters
due to change in temperature, the conductive transfer of (1) in 2D
is simply represented as thermal resistance:

R, =I/k A, 4
where A is cross-sectiona area of the element. This assigns the
coefficients of the VCCSin (3) with a;= kA, and a,=0. This sets
up the four conduction resistors R; and R, which differ from
element to element by the kK and A. The convection resistor R,
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Figure 4. Equivalent electrical circuit representation of an element o
of Fig. 3, including convection, conduction and heat generation. e -+ Complete model
— — Model w/o convection
is also represented by a VCCS with a;=hA to implement (2), but N A e
here A is surface area. Joule heat generation, equal to power © 2 40 60 8 100 120 140 160
dissipation, could be modeled by a constant-current source. Position y [m]

However, the input power to the resistive microwave termination Figure 5. Compared results of temperature distribution across one

is dissipated by the thin-film polysilicon heater, whose resistance & mié‘ci‘.“on. fﬁigf. af”:jefo.ft m‘gdﬁ' and mf?“egtl- With
is a strong function of temperature. Due to this strong CCMVECHON INCILCEAIN MOCEL, Tt MAICES MeasUrements Well.

temperature dependence, the input power isimplemented as: 105
IP(T):|2RO+|2R0 EﬂCR(T_To)' (5) 1.00
which sets up ag=1°R, and a;=tcg I°Ro. 095 |
=
IV. SIMULATION SETUP, RESULTS AND DISCUSSION g 0%0r
Simulations were set up by forcing constant current [
excitation 2| at power sensor input, therefore nominally forcing § 080}
input power (21)°Rem. The even symmetry condition, as shown -
in Fig. 3, was set up by doubling values of resistors R, in the '
bottom row, and cutting off lower resistors R, in that same row. 070 ¢
The constant input current | was therefore forced into the 065 ‘ ‘ ‘ ‘ ‘ ‘
resistor, which enters (3). After the network of VCCSsis created L A

Distance Drt [um]

and simulated in SPICE, the resulting node voltages are treated
as temperatures, and the heater temperatures are fed back to Figure 6. Computed sensitivity as a function of the distance of hot

obtain the adjusted termination resistance: thermocouple junctions from the resistor.
R(erm_a\dj = R0 Z (l+ apoly [qu _TO))' (6) ‘
since each i-th subdivision has increased resistance. Hence, the Los|
actual power dissipated in the termination resistorsis:
_ 2
I::1iss - (2| ) |:Rerm_a\dj : (7)

The thermopile output voltage is a sum of temperature
differences of al hot and cold junctions with Seebeck coefficient

Normalized Sensitivity
=
8

as weighing function: 005 |
Nl
Vout = atc q (Th _TO) ! (8)
. e . . . : 0‘9050‘6‘0‘7‘0‘B‘D‘9‘0‘1(‘)0‘1‘10‘1‘20‘1:‘%0‘11‘10‘1;0‘1(‘30‘1"/0‘180
and finally, sensitivity issimply S= V. / Pgiss[VIW] . Distance L__ (i

After running the SPICE simulations, we identified the _. e .
- Figure 7. Computed sensitivity as a function of the suspended length
nodes that belong to the center cut through the polysilicon the thermocouples (24 thermocouples).

resistors (b-b’ in Fig. 3), as well as the nodes at the hot a mi th od t - distributi
thermocouple junctions (c-c’ in Fig. 3), since those two sf;lgm MICroscope, e measur emperalure distribution

produce most of the needed information for analysis. ws slowly decreasing tails and does not have sharp features

modeled results were compared with measured ones. ﬁkﬁa modgl predlpts a material boundaries. This is accompan!ed
comparison of model and simulations for the b-b’ cut through ¢ es_llghtly dlflt‘erent s_h_aee tovv_ard the peak temperature which
sensor structure of Fig. 2, is shown in Fig. 5. In the figure, f attributed to "parasitic” Peltier and Thomson effects.

can be seen that the modeled temperature distribution with AS mentioned earlier, essential parts in the optimization of
convection included closely resembles the measured distributfé¥§. Sensor are the heat sinking effect of each thermocouples, and
The main points of matching are the nearly equal top valuestf Signal-to-noise ratio resulting from thermocouple series
temperature, and the distribution toward the middle of the sigf@istance. Firstly, we were interested in the effect of thermopile
conductor, where temperature remains well above the substéigiance from the resistor. We were already aware of at least two

temperature, but is significantly colder than the middle of tR@ssible detriments of very close proximity. One has to do with
heater. On the other hand, due to the limited resolution of thethe broadband match of the termination which looks like @ 50
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Distance L (unl Figure 9. Computed sensitivity as a function of the number of

Figure 8. Computed SNR for 24 thermocouples in series as a thermocouples tightly distributed about the center of the resistor.
function of suspended thermocouple length Ligs. 13047
resistance to a microwave source in a very wide range of
frequencies. This is in part due to approximate 100 Q
characteristic impedance (as well as 100 Q resistance) in each
arm of the tee, asdescribed in [1],[3]. That proper capacitanceis 107
established between the resistor in each tee and the adjacent
ground plane. Hence, moving the thermopile too closely would
increase the capacitance in the arms and detune the termination

1.2e+7

1.1e+7

9.0e+6

SNR [W]

8.0e+6

from its best match. The second possible detriment was expected roere

to be due to increase of therma conductance with closer 6.0e+6

thermopile, and therefore decrease of thermal efficiency. A S
The results in Fig. 6 are plotted on a normalized scale with o4 6 8 101 e 1e 18 20 2

Thermocouples in series

unity sensitivity for D, of 12 um, as in the fabricated sensor. As
the figure shows, there is an actual optimumdistance for the Figure 10. Computed SNR as a function of the number of
thermopile which trades off the thermal phenomena, and would — thermocouples.

hopefully be compatible with el ectromagnetic requirements.

ther n,?or;)?ltger F(?rair?::r:ztaes:edIEtwst,hfheil;ierpsnnsegonijeggta?wceogf :22 The presented mode_l, verified_by experimental results is
thermopile decr and the sensor becomes more thermally shown to be very useful in the optimization of the microwave
efficient. This effect is shown in Figure 7. The trade-off for the power Sensor. 'I_'he results aI_so show a number of phenomt_ana
length is the signal-to-noise ratio. The effect of the increase of that ."?"‘.e place in the operation of the sensor and affect its
thermopile resistance lowers the SNR, defined as SNR = S/\ sensitivity, peak temperature, resistor drift, etc.

V. CONCLUSIONS
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