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Fully-Integrated Interferometry-Based Reflectometer
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Frederic Gianeselldylember, |IEEE, Daniel Gloria, Tuami Lasri, Gilles Dambrin€gllow Member, |EEE, and
Christophe Gaquiére

Abstract—Microwave imaging of nanoelectronic devices has fabrication process [2]. Ruppert's work presented a break-
turned a simple reflection coefficient measurement, usually car- through in macroscale AFM systems towards fully-integtate
ried out by a 50 Q vector-network analyzer (VNA), into a  gpv. Nevertheless, a challenge remains in microscale VNA
high impedance instrumentation challenge. Interferometry-Basd . . . . .
Reflectometers (IBR) have been found to be successful solutem basgd solution. In ad‘?"t'o"" SMM llmaglng_o.f nanoelectronic
addressing this challenge. However, such solutions do not considerdevices has turned a simple reflection coefficient measureme
instrumentation of high impedance and high-frequency as well usually carried out by a 5@ VNA, into a high-impedance
as minimization of environment variations in a comprehensive instrumentation problem in the bandwidth from 12 GHz to 18
manner. In this study, these aspects are addressed jointly thcgh GHz [3]. High-impedance microwave measurement challenges

the proposal of a fully-integrated IBR in the STMicroelectronics L . .
BiCI\BIOg 55 nm tec%nology. Three varactor samples having a were highlighted in [1]. Such measurement techniques for

capacitance ranging from 0.65 fF to 0.95 fF are measured at Nanoelectronic devices point out the difficulty in designin
17.6 GHz for demonstration. The fully-integrated IBR achieved a accurate reflectometers.

magnitude error below -35 dB, a phase error below).03*, and an Towards a fully-integrated SMM, the authors have pre-
accuracy better than59.7 aF. Moreover, C-V slope measurement sented an Interferometry-Based Reflectometer (IBR) using

error is better than 2.8 aF, which is ten times smaller than t ission-b d ts [4]. Usi it .
found in state-of-the-art IBR. Such betterment is explained by Tansmission-based measurements [4]. Using a quite sim-

the monolithic integration of IBR and device-under-test (DUT) Ple calibration technique, our previous work experimenptal
as implemented in this work. demonstrates IBR accuracy while measuring high-impedance

Index  Terms—fully-integrated  instrumentation,  high- microwave devices. Besides being a relatively chgap soly-
impedance microwave, Interferometry-Based Reflectometer, tion composed of a VNA and on the shelves devices, this
sub-fF MOS varactor, BICMOS 55 nm transmission-based IBR is however not suitable for a fully-
integrated SMM. A major reason for this is the large number of
components (i.e. couplers, power splitters, and combjnkrs
addition to silicon-area costs, a fully-integrated traission-

ICROWAVE imaging techniques remain a central topi®ased IBR would present significant performance varigbilit

for numerous medical, scientific, civil and militaryand electromagnetic coupling noise, which turns out an im-
applications. They benefit from advanced 3D resolutionkkanpPractical solution.
to a joint of topological information and electrical charac To manage the fully-integrated SMM challenges, a fully-
teristics of a device-under-test (DUT). In the scientifiddje integrated reflection-based IBR is proposed. To consideepo
scanning microwave microscopy (SMM) has an establishédd area constrains of a monolithic microwave integrated
setup mainly based on an Atomic Force Microscope (AFMjrcuit, this work aims an all-passive IBR using a simpler
combined with a vector network analyzer (VNA). Using thes®pology compared to our previous work [4]. The fully-
techniques, different kind of properties (permittivitgnzluc- integrated IBR is proposed in the BICMOS 55 nm technology
tivity) have been investigated from the measurement of tfier high-impedance microwave instrumentation of a DUT
reflection coefficient of the DUT [1]. varactor varying from 0.65 fF to 0.95 fF. IBR measurement

State-of-the-art systems are often developed using on fifecuracy is compared with previous IBR using figures-ofimer

shelves devices. While its cost is undeniably low, such iatroduced in [4]. Furthermore, fully-integrated IBR résu
solution also limits portability and very-large-scalesigtation. are compared with the state-of-the-art of reflectometeirsgus
Against the tide of mainstream researches, M. Rupgtedd  Standard figures-of-merit proposed in [3]. In the perspeatif

have presented a MEMS probe scanner using a SOI-MENJUlly-integrated SMM, a fully-integrated cantilever ngia
MEMS probe as proposed in [2] and the fully-integrated IBR
The project received funding from the French Government hedRegional described here could be fabricated in a heterogeneous MEMS-

Council. This work has benefited of the facilities of ExCEO®-Nanoscience CMOS process.

Characterization Center. . . . .
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Crolles, France. flection measurements, the calibration procedure, BiCMOS

I. INTRODUCTION



55 nm technology, and design considerations. FurthermoreStaszeket al. have proposed a power distribution enhanc-
post-layout simulations of the proposal are carried out aimg method in a reflectometer composed of power splitters
DUT silicon-based modeling is described. Section IV préserand couplers [10]. Experimental verification of this entexhc
fully-integrated IBR measurements and states a perforenarmpower distribution technique was carried out for DUT re-
comparison between the proposal and the literature of reflélection coefficient (0001< I < 0.6) in the frequency band
tometers. Finally, paper conclusions are given in Section Vfrom 2.5 GHz to 3.5 GHz. From this solution, a significant
improvement of the measurement accuracy in comparison to a
classical reflectometer has been experimentally demdedtra
In a similar architecture demonstrated in our previous work
Abou-Khousaet al. have proposed a vector reflectometgy) Haddadiet al. have included an amplifier between the IBR
using a narrow-band approach at 35.5 GHz [3], which igg the VNA receiver to increase measurements sensitivity
constituted of a controllable phase shifter and wavegwdeﬁl]. This work includes an amplification gain playing a role
The DUT reflection coefficientl() magnitude and phase areys imaging zoom, but the outcome of IBR complexity and
obtained by solving a set of nonlinear equations at three bwer consumption increase. In fact, the primacy of this
more phase shifts. The measurements were carried out U%’E‘Gposition goes to Randus and Hoffmann who have presented
a short and a 3 mm offset short as DUTs, which achieves;acomplete theoretical and experimentally verified method
r=>0.99. to describe the amplifier role in the IBR [7]. Nevertheless,
Randus and Hoffmann have proposed an instrumentatigf amplifier non-idealities in terms of linearity and noise
method developed especially for high-impedance measuremgjl| must be investigated to assure negligible measurémen
(tens to hundreds of (). Continuous wave measurementsensitivity degradation in a fully-integrated IBR. For ske
at 1.8 GHz were presented for a 2-port transmission-base@sons, this work is not included in following comparison.
interferometer for a DUT having a reflection coefficignt= Recently, Wessel et al. have presented a 120 GHz
0.999/—0.08" [6]. Then, they have suggested a solution basgghnsmission-based interferometer for contactless pevityi
on a 4-port port fransmission-based interferometer inoid yeasyrements of biological materials [12]. In this work, a
wideband measurements from 0.5 to 8 GHz of a dielectrigconfigurable phase shifter using a slow wave line features
resonator [7]. _ _ with 256 switching states is proposed. This interferombter
Laemmleet al. have presented a 125 GHz dielectric sens@gspectively achieved resolutions of 0.09 and 0.0082 the
with an integrated readout circuit [8]. The sensor has beed u magnitude and the phase measured. However, as comparison
for the measurement of the dielectric constants of alcoholfata are not available for the material characterized i, [12
whose a real and imaginary parts vary respectively from 5 {gis work is not included in following comparison.
4, and from 2 to 0.8. According to the authors, the absdiute Nehringet al. have proposed a miniaturized 4-32 GHz two-

is of minor interest, as the dielectric sensor presentedas r port VNA based on a fully integrated RF front-end (RX/TX)
out by phase differences. _ [13]. The system and receiver dynamic ranges were deter-
Nasr et al. have proposed a one- and two-port fully inynineq to be 44-77 and 82-101 dB at a resolution bandwidth
tegrated VNA using coherent detection, achieving an octayg 0o kHz. Highly repeatable measurements were presented;
operational bandwidth from 50 GHz to 100 GHz [9]. The\ng results are shown as robust against drift over time.
two-port VNA enables the measurement of the transmissigflasyrements were presented for a wide range of transmissio
parameter in one direction, working as a transmissiondasg,efficients and the full bandwidth, using a fixed coaxiamtt

reflectometer. The measurements were carried out using a \Mor with values ranging from 3 to 40 dB.QDO1< I < 0.5).
band horn antennf < 0.1. -

Ferreiraet al. have previously presented an IBR architecture
associating a VNA and on the shelves devices [4]. Our |ll. FULLY-INTEGRATEDINTERFEROMETRY¥BASED
previous reflectometer experimentally proved that IBR is an REFLECTOMETER
appropriate solution to measure sub-fF capacitance i@t
with a better accuracy than standard VNAs. Accurate mea-An Interferometry-Based Reflectometer (IBR), proposed in
surements of varactors varying from 0.9 fF to 1.6 fF werkig. 1(a), is an instrumentation device based on a destaicti
achieved using a narrow-band approach at 6.8 GHz. Howevstgrference of reflection waves between a reference device
our previous work proposed a transmission-based IBR wiich(REF) and a tuner device (TUN). The device tuning operation
not a practical solution when a fully-integrated implenagion  is named nulling process and the resulting reflection coeffic
is envisaged. is calledlj [4]. The tuner is composed of an attenuator and

A reflectometer for telecommunication was proposed Ey phase shifter to null the reference device reflection coeffi
Hur and Eisenstadt [3]. Having a classical topology, th@ent (equal magnitude and opposite phase shift). However,
reflectometer is made of a power divider, a phase shiftétterference (INT) waves exist in any IBR instrument due
and power detectors. A large amount of measurement resiftdinite isolation in microwave devices (e.g. couplers, pow
was presented to experimentally demonstrate the reflesgomdlividers). In this case the electromagnetic wave resulta in
performance for 5G applications. Automated measuremeh@sidue defined as
were performed from 12 GHz to 18 GHz for a wide range
of DUT reflection coefficient (2 < T < 0.8). it =

II. BACKGROUND
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which can be simplified to A. Technology description

Mrer + FTUN The circuit was fabricated in the BICMOS SiGe 55 nm
— (2)  technology. This technology, developed by STMicroelestro

) ) o ics, is dedicated to millimeter wave (mmWw) and sub-mmwW
under the hypothesis thBint is negligible compared rer  gpplications. For instance, a SiGe bipolar transistor with
andlrun. In fact, Nt should be at least 20 dB beldwer 0.2 ym emitter width presents a frequency ratig/ fyax

andl'ryn to guarantee such approximation. In this proposal¢ 350/370 GHz [14] for a collector current density of 16
the reference device is a varactor fully-integrated with i8R 1, p / ;12

biased at -2.5 V. The proposed tuner device is a varactor-full  1pig technology includes 8 metal levels, in addition of a
integrated in a Wilkinson power divider/combiner (Wilkors top copper metal layer of &m thick. Moreover, the 55 nm
PDC); and its design is described in Sec. |ll-B. During thgychnology offers an accumulation MOS varactors dedicated
nulling process Wilkinson power divider/combiner is tunegy mmw applications fps: > 110 GHz). This enables the inte-
using a tuning voltag&/ryn until a specifiedr'ni is found  gration of passive RF components like inductors, trangoriss
(Trit ~ —65 dB in this proposal). At this point is eSt""b“Shqui]nes and MOS varactors with good quality factors. Measured
?workmg frequency of the narrow-band reflectometer, namegltactors larger than 10 are obtained at mmw frequencies
nil -

After the nulling process, a one-port vector calibratioLM'
model is used [1]. Such method links the IBR reflectio . . .
coefficient ("|gr obtained at P1 in Fig. 1(a)) to the reflection™ Design Consderations
coefficient of the device-under-test{yt obtained at P2 in  The device block-diagram (see Fig. 1(a)) is composed of an
Fig. 1(a)). In this proposal, the device-under-test is actar €xternal VNA (Agilent PNA - E8363B), a tunable Wilkinson
fully-integrated with the IBR biased from -2.5 V to 2.5PDC, and a varactor. Such varactor will play a role of refeeen
V. Mgr Measurements are referenced to the high-impedarit®vice (biased a¥pyt = —2.5 V) during nulling process and
reference devicelger = Mput for Vput = —2.5 V), while a role of device-under-test (biased a®.5V < Vpyt < 2.5
MpuT Measurements are referenced to a standard VNA (i\8. during IBR measurements (see Sec. IV). Only magnitude
50 Q). One-port vector calibration method model is expressédilling was integrated in the fully-integrated IBR demoast

[ il =

by tor. One can mention that phase nulling is an additionaleegr
B ExilouT of freedom to select a specific frequency g in narrow-
Mer=En1+ 1_Exlpur’ band IBR [1]. To that end, the fully-integrated IBR should

_include a tunable phase shifter inserted between the port P3
The complex term&s, E1, Ez2 can be calculated by solving 4ng the short-circuit (see Fig. 1(a)) to allow phase nulling

the equation system from (3) using at least three knowfyyever, phase nulling is out of the scope of this work.
devices. To achieve a precise tracking-error modelingwkno Fig. 1(b) presents the micro-photography of the proposed
capacitors having a reflection coefficient close to the ezfee g Fully-integrated IBR chip size is 243 x 21fmZ.
device should be chosen. In a fully-integrated demonsirai@qgitional area is required for demonstrator micro-stiies
replacing the DUT by known capacitors is however not ag,q paps, which are not considered as part of IBR core. RF
option since DUT and IBR are physically connected. g, p1 was designed to fit a microprobe MPI Infinity, 50 GHz,
overcome such limitation, the proposed tunable Wilkinsagsg 100um pitch. P3 is physically shorted to ground plane
PDC is integrated in a different footprint. Scattering para while P2 is connected to a sub-fF varactor (DUWyt and
eters of the tunable Wilkinson PDC are measured usingv%JN are DC voltages varying from2.5 V to 2.5 V. Such DC

standard procedure with a calibrated VNA. From the tunablgiages are controlled through single-DC microprobesgisi
Wilkinson PDC measurements and RF connections mOde“Rstight (Agilent) IC-CAP device modeling software.

a post-measurement IBR model is obtained using ADS. ThuS;The integrated tunable Wilkinson PDC is depicted in Fig.
the proposed IBR model is used instead in one-port Vecioy sych block is based on passive lumped elements, having
calibration. Obtained one-port vector calibration modéll W ynapie characteristic set Byn. During the nulling process,

be valid in a logarithmic-domain capacitance of a linear IBR,ciy plock should achieve a directivity of at least 20 dB. (i.e

model, assuming root mean square model error lower tharb% 20 dB) to guarantee a negligiblenT, with the directivity
% (see Sec V). defined as:

Knowing these tracking-errors, one can obtain g of _ o
any unknown device from measurEehg. In this work, a sub- Directivity = —Sz2 — (S31+ 1) - (%)
fF varactor is chosen as the unknown DUT. The capacitang@ choosing a propeNsun, the directivity is maximized.

value is modified using a control voltage namég . Taking Under this condition, the wave power in the paS is

losses into account, capacitance measurements are given Q%ongly attenuated by an increasiSigun +Cy over Viun

2 2 Besides[ reg andlMpyt waves shall be matched with a small
_ RelYour)” +1m(Your) : (4) as possible attenuation according to (2). To this end, it is
required a minimung;1 = S33. Thus, a destructive interference
whereYpyT is obtained froml'pyt, after applying tracking- between the reflected waves (REF and DUT) takes place and
error model previously obtained. aly at fy is found.

Cout =

2711- fnil . Im(YDUT)



TABLE |
TUNABLE WILKINSON PDC DESCRIPTION

Device Value Device Value
. R 15093 Q L 707.1 pH
Pl C 188 fF C 1409 fF
C 65 fF,95 fF C 0.65 fF,0.95 fF
Wilkinson Tun_ | | ) ] put | | , ]
PDC

Pﬂ P3
Vbut

=1

@)

C. Post-Layout Smulations
IBR’s post-layout simulations consider the ADS measure-

includes lumped elements, micro-strip lines and PADs. To
obtain an accurate model of the IBR, an ideal capacitor
(Cigear) is used instead of a varacto€dyt) for the nulling

T process automation. Fig. 2 highlights the IBR nulling pssce
L (assuming (2)) for &i4eq = 10 aF achieving & ,; = —99 dB
’—”ﬂ‘”‘* at fy = 15.77 GHz forVyyn = —0.3 V.
P1 2R
Vrun J_CTU NJ-C]- -40
L4 L -50°
__CZ P3 -60F
1 g
= ~ -70f =
© x Fnil =-99dB
~ -80of f = 15.778 GHz
-90¢

-100 : : : : :
1575 15.76 15.77 1578 15.79 15.8
Frequency (GHz)

Fig. 2. Post-Layout simulations of IBR nulling process (assg (2)) for an
ideal Cpyt = 10 aF forVryn = —0.3 V.

(,d). = i

Fig. 1. Interferometry-Based Reflectometer: illustration(af IBR block
diagram; (b) IBR microchip photograph; (c) Wilkinson PDC stiagic; and
(d) Wilkinson PDC microchip photograph . Tuningr(yn) and DUT {/puT)
control voltages vary from -2.5 V to 2.5 V.

w B
[ o

Directivity (dB)
w
o

In order to provide the directivity tuning possibility to
a lumped Wilkinson PDC, one could change inductance or
capacitance values (see Fig. 1(c)). In this work, the chioa=e 20 ‘ ‘ ‘ ‘ ‘
been made to vary the capacitance value by using high-gualit -2 1,0 V) 1 2
factor thick oxide accumulation MOS varactors. A simulatio TUN
based d,eSIQ_n methqdolqu pgrmlts to find an optimal value |95 3. Post-Layout simulations of Wilkinson PDC direcifsee (5)) at
C, considering that it will be in parallel t€pyt at port P2 ¢ a maximum of 40 dB is found fovryy ~ —0.3 V.
and in short-circuit at P3. Thus, onlg; is designed to be
reconfigurable by a parallel association of a Metal-Insutat ~ As illustrated in Fig. 3, the tunable Wilkinson PDC direc-
Metal (MIM) capacitorC; and a varactoCryyn. A tunable tivity (see (5)) reaches a maximum of 40 dB\&{n ~ —0.3
Wilkinson PDC was optimized using ADS software (Agilent)). A priori knowledge of directivity as a function of nulling
and device sizing is presented in Table I. Fig. 1(d) prestets frequency and/ryy is desired to minimizd ;; (see Subsec
micro-photography of the tunable Wilkinson PDC integrateldl-B). Measurement automation is also favored by a precise
in a separate footprint. control of the Wilkinson PDC directivity tuning.

N
[$2)

ment models offered by the 55 nm process design kit, which



D. 55 nm MOS varactor silicon-based modeling

The varactor is a thick oxide, accumulation MOS varactoriMilar results are found for samples B and C. The proposed
using subdesign-rules channel with a minimum gate lengi/ly-integrated IBR achieves &) = 17.58 GHz. Post-layout

of 55 nm. This increases greatly its quality factor espgcialSimulations estimated & = 15.77 GHz (see Fig. 2). This dif-
at millimeter-wave frequencies. A T-cell model (Fig. 4) idérence can be attributed to the imprecision in the fabiocat

used in order to take into account all the varactor physicgi Passive components (i.e. inductors in Wilkinson PDCEtSu
elements including substrate parameters. The silicoreba§omponents mismaich (process variability) can be exptaine
model presented by T. Queméraisal. in [15] is scalable by_ measuring the Wilkinson PDC f_ro_m a separate block
for all varactors dimensions: gate finger lendth gate finger USing & VNA. To understand such limitation, the proposed
width (w), number of gate fingeN) and the number of devicestunable Wilkinson PDC is integrated in a different footprin

in parallel Mult).

N Lin Rretal + Rgate ‘C‘rmdel Renannel Ractive Lout ouT
— TN —— MW 1 WA WW——TT T ——
Dsur Dperi
Reur Rperi
SUB

Fig. 4. Equivalent electrical circuit of the varactor.

In Fig. 4, Choge IS given by the relationship

1
Cmodel - 1 1
CowN D) T CowNT)

+Cnfﬂa] (W7N7I)+Cpef| (W7N7I).

(6)

Fig. 5 depicts the nulling process result for sample A.

illustrated in Fig.1(d). Scattering parameters of the bl@a
Wilkinson PDC are measured using a standard procedure with
a calibrated VNA (Agilent PNA - E8363B). Fig. 6 shows the
Wilkinson PDC directivity (see (5)) afryn ~ 0.1 V. Among

all three samples, the required condition for the direttivi
(D > 20 dB) is found from 17 to 18 GHz, whereas such
condition is found from 14.5 to 16.5 GHz for post-layout
simulations. One can observe that the valudgfis strongly
dependent of phase mismatch between ports P2 and P3. This
result demonstrates that phase configuration is an imgortan
degree of freedom to exploit if a specifiy is required.
Neverthelessfyj reconfiguration is out of the scope of this
work.

wy File Trace/Chan Response

Marker/Analysis  Stimulus  Utilty Help

S11 LogM 5.000dB/ -55.0dB [Trace Max On]
-30.00 >1:

17589197 GHz  -65.815dB

-35.00

Crea is the metal-interconnection parasitic, dependent on
the geometrical and physical dimensions of the varactor.
Cperi is the perimeter-fringe parasitic, mainly dependent on
the varactor finger gate perimeter dimensions. The voltage
dependent MOS capacitance is equivalent to semiconductor
(Cs) and oxide Cox) capacitances. Botis; andCyy are based

on the BSIM 4 compact model with specific fitting parameters
[15]. Varactor modeling (see Fig. 4) considers lossefRgfia
(metal access resistancéjgae (polysilicon gate resistance),
Rehanne (VOltage dependent channel resistance), &agive
(active P+ resistances).

The series inductancekj, and Lot model respectively Fig. 5.

varactor as a function of its dimensions. The varactor satest
Nwell-Pwell is modeled by a perimeter diodB i) and a
surface diode Mgyt). In Fig. 4, substrate resistanc&peri
andRg,r ¢ represent perimeter and surface resistance of N- and
P-well. This model enables to accurately simulate varactor
behavior up to millimeter wave frequencies for all geonastri

To achieve the desired capacitance variation (i.e. frorb €6

to 0.95 fF), the DUT sizing i$ =55 nm,w=1.4 um,N=1,
andMult = 1.

IV. MEASUREMENTS

Three different samples of the proposed fully-integrat |
were chosen to demonstrate instrument performance. Fbr eac
sample (named A, B and C), the nulling process was carried
out by measuring ,; with an external VNA, whileVryy is
varied. The nulling process is ended achievinga < —65

-40.00
-45.00
-50.00 [~
-55.00»
-60.00
-65.00
-70.00

-75.00

-80.00 [Ch1Avg= 16
Bl >Chi:Start 17.5887 GHz —

Stop 17.5897 GHz

IBR Nulling procedure for sample A: Tuning of the reflen
the metal interconnections input and output accesses of fiqgfficient at -65 dB at 17.58 GHz fdryn = 0.1 V.

40r
-e-Sample A 0
—-Sample B
Sample C
o - ~Model
)
RS
o
10+
-5 L L L ]
0 5 10 15 20
Frequency (GHz)

dB for Vryn = 0.1 V. To achieve a precise nil, an averagingig. 6. Wilkinson PDC measured directivity %un ~ 0.1 V, which is used

of 16-points is employed in VNA configuration.

to build the post-measurement IBR model.



Following the nulling process, a one-port vector calitmati  Fig. 8 shows the C-V curves for silicon-based model and
method is carried out for each sample by solving (3). A caliBR samples (A, B, and C). The fully-Integrated demonstrato
bration correction procedure should be verified by meaguain has presented a remarkable accuracy, which is evaluateq] by [
significantly different and traceable standard kits. Hosvethe
fully-integrated demonstrator investigated cannot bécated RMSE; = \/ mean ((Ci _Cmodel)z)- @
this way as both DUT and IBR are physically integrated in a
single device. To overcome such characteristics, it isgseg Demonstrator samples have presenteBMSEA = 44.3 aF,
here to use as an alternative the post-measurement modeRMSEg = 59.7 aF, andRMSE: = 34.8 aF. A RMSEgr = 60
presented in Fig. 7 for one-port vector calibration methoaF was obtained in our previous work [4]. Betterments brough
model. A post-measurement IBR model is simulated usiry the fully-integrated solution are due@ger ~ Cpyt during
ADS and an extracted model of the Wilkinson PDC fronthe nulling process and to accurate error-tracking modelus
results of Fig. 6. Post-measurement simulations are daddaircapacitance values close @yt. Besides, fully-integrated
for a wide range of ideal capacitance values from 20 aF BR minimizes losses between connections and losses due to
100 fF. As shown in Fig. 7, P1 reflection wavggr after environment variation thanks to compact integration.
nulling process has a linear dependence in a logarithmic-

domain DUT capacitance fdCigeg > 0.1 fF. According to a 1r

linear regression fitting applied fggr in dB as a function of

a logarithmic-domairCigea, the proposed post-measurement 0.95¢ jgamp:eg
IBR model achieves a root mean square error lower than 5 % 09 Szmglg a
from 0.5 fF to 3 fF. As in this work, the IBR demonstrator is — Model

fF; one can argue that the IBR is operated in linear regime.
From this modeling, a one-port vector calibration method is ¢, 0.8
carried out for three capacitance values of3fF, 08 fF, and 0.75:
0.88 fF. Such capacitance haslgsr equals to respectively

-48.3 dB, -47.5, and -46.7 dB according to post-measurement 0.7
IBR model (see Fig. 7). Such capacitors are chosen close tc

integrated using a varact@pyt varying from 0.65 fF to 0.95 £ 085/
|_
2
(@]

the nulling reference minimizing IBR tracking errors forcu ' P 1 0 1 5
instrumentation conditions. Vour )
Fig. 8. Sub-fF MOS varactor instrumentation: C-V curves gsiticon-based
model, and IBR samples (A,B, and C).
20 ’
- d In addition, a figure-of merit [4]
7
@ -40 A aj = \/ mean ((AQ — ACrodel )2) (8)
e 60! i is considered to compare sub-fF C-V slope of the proposed
— fully-integrated IBR with our previous work. Fully-Inteaged
Linear Fitting with RMS error demonstrator samples have presentegha= 1.12 aF, ag =
-80} lower than 5% from 0.5 fF to 3fF 1.17 aF, andac = 1.14 aF, while a a;gr = 11 aF has been
‘ ‘ ‘ % previously obtained [4]. This result experimentally comifér
10t 1P 10t 1P that interferometer-based reflectometer strengths in uniegs
smallT variation in high-impedance instrumentation are even
CDUT (fF) more enhanced in fully-integrated solution.

Most of reflectometers described in the literature focus on
Fig. 7. Interferometry-Based Reflectometer: Post-measuresiemtiations Preécise measurements of lesser reflective devices. Theylyisu

of P1 reflection coefficienf for Cigeq € [20 aF,100 fF] variation using an compare reflectometefF §) to VNA ('yna) measurements by
extracted model of the Wilkinson PDC (see Sec. IV). figures-of-merit'

Device-under-test capacitance values were measured for Magnitude Error=[F'r—Tynal, and )
Vout € [-2.5V,25 V]|, while Cpyt € [0.65 fF,0.95 fF]|. .
Sub-fF IE/IOS varactor] instrumentation E)f samples A, B], and Phase Error=2Tr— 2T, (10)
C are obtained froni pyt referenced to 5@ (after error- Since users of classic reflectometers are not interested in
tracking model) by (4). As high-impedance measurementgeasuringl” variation, only absolute errors are found in the
using a VNA are less accurate than those achieved by uslitgrature. To compare the proposed IBR to the state-of-the
interferometer-based reflectometer [4], measurementltsesart of reflectometers, absolute errors given by (9) and (10)
are compared to varactor silicon-based modeling preséntedvere determined. However, in high-impedance instrumemtat
Subsection IlI-D. MNvna exhibits the impedance mismatch stated in [1] and



experimentally proved in [4] To evaluate our results adgains
the literature, a straight forward comparison is difficult t 4
make directly. Hence, the VNA measuremenifigna) used

as a reference are replaced by silicon-based mddglyd) 2l
(described in Subsec. IlI-D) in (9) and (10).

Table 1l reveals that Staszek’s reflectometer [10] has the
smallest magnitude error, but also a big phase error. @]
smaller phase error is observed in solutions measuringyhigh
reflective devices as for Abou-Khousa’s proposal [5], how-
ever only two differentl were measured. Fully-integrated 4]
VNASs have presented either low phase error & (9] and
0.082 [8] or low magnitude error of -36 dB [13]. The fully-
integrated IBR has presented the smallest phase errom(bel
0.03°) among literature reflectometers and smaller magnitude
error than our previous IBR [4]. Phase error performance if]
explained by the own nature of interferometer-based mea-
surements, which can accurately estimatevariations by 7]
observingl" phase [1]. Besides, magnitude errors might be
lowered when using an amplification gain as demonstrated i[Q]
[6]. Regardless, amplifier non-idealities must be invedtd
to assure a negligible measurement sensitivity degradatio

a fully-integrated IBR. (9]

TABLE Il
REFLECTOMETERPERFORMANCE COMPARISON [10]
Ref. Freq. DUT characteristics Mag. Phase
(GHz) Error (dB) Error (°)
This | 17.8 | 0.65<C(fF) <095 353 | ooz | 1Ll
Work —-33 (B) 0.03 (B)
-39 (C) 0.01 (C)
[13] 4-32 0.0001< T < 0.5 —36 3.23 [12]
[10] | 2.5-3.5 0.0001<T < 0.6 —48 2.63
0< /I (°)<—-90
[3] 15-18 02<I <038 —-30 5
30< £I(°) <330 [13]
[4] 6.8 09<C(fF) <16 —32 (IBR) | 0.18 (IBR)
—34 (VNA) | 0.2 (VNA)
[9] 50-100 0.001<T <0.1 —30 0.3
[8] 121 [=0.410.34 NA 0.082 [14]
/M (°)=-113,-7.3
[6] 1.8 N =0.999/ —0.08 —43 (min) | 0.11 (min)
—31 (max) | 0.72 (max)
[5] 35.5 ' =0.99680.9977 -33 0.2 [15]
/I(°) =25.83 —17997

A fully-integrated IBR is proposed in this work. IBR op-

V. CONCLUSIONS

eration and design considerations are presented. Measatem

results are shown for 55 nm MOS varactors varying from 0.¢
fF to 0.95 fF at 17.8 GHz. The ability in measuring accuratel
high-impedance microwave devices was demonstrated us
literature figures-of-merit. Compared to reflectometensntb | |
in literature, the proposed IBR shows the smallest phase er
(below Q03) and small enough magnitude error. Compare
to our previous work the IBR accuradgMSE (lower than

59.7 aF) is in the same order (i.e. 60 aF), but the C-V slogs%m) as Associate Pr
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