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A Cascade-Parallel Based Noise De-Embedding
Technique for RF Modeling of CMOS Device

X.S. Loo, K. S. Yeo, K. W.J. Chew, L. H. K. Chan, S. N. Ong, M. A. Do, and C. C. Boon

Abstract—In this letter, a unique cascade-parallel based noise
de-embedding technique is presented for on-wafer device charac-
terization and modeling. It utilizes two fully shielded THRU line
structures and one OPEN structure that enable simultaneously
de-embedding of series contact resistance, forward coupling and
distributed parasitics of interconnect. Thus, it is more suitable
for RF/millimeter wave noise characterization of lossy CMOS
devices as compared to conventional lumped and cascade based
de-embedding techniques. The proposed noise de-embedding
technique is verified on both zero length THRU and OPEN
devices. It demonstrates a better high frequency de-embedding
performance than existing cascade based techniques by showing
1 dB improvement in predicted NFmin of 0.13 zzm CMOS devices
at 60 GHz. This is consistent with the further validation result on
the de-embedded gain performance of the transistor.

Index Terms—CMOSFETSs, microwave measurements, mod-
eling, semiconductor device noise.

1. INTRODUCTION

IGH frequency noise has become a dominant issue for

RFIC designers due to continuous migration of operating
frequency to a higher regime and escalating complexity of RF
circuits. This directly prompts the need for accurate modeling
and characterization of RF devices, which rely heavily on ro-
bust and correct noise de-embedding techniques to remove the
impact of parasitics of a test fixture on device noise measure-
ments.

One approach of noise de-embedding is implemented by
modeling the test fixture as mixed parallel-series combinations
of lumped parasitic elements [1], [2] and de-embed them in
steps from the outer to inner part of a test fixture. However, such
de-embedding technique would eventually fail as distributed
parasitics of interconnect become prominent at high frequen-
cies. In another approach, a test fixture is viewed as a single four
port error adapter connected to two-port device. Such model
was initially adopted in [3], [4] for VNA calibration, which is
also popularly known as 15/16 error-terms model. The model
covers most parasitic of the error adapter that includes leakage
paths between ports since no assumption is made on its circuit
topology. An attempt to apply this model for on-wafer noise
de-embedding has been reported in [5]. Nevertheless, solving
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for the model error terms requires de-embedding/calibration
standards to be ideal or known. Such on-wafer standards are
impossible to realize on a practically lossy silicon substrate and
are subjected to large process variations [6]. Therefore, this
approach is not recommended for high frequency characteri-
zation of CMOS device. Instead, generalized cascade two-port
networks are adopted in techniques [7], [8] to address the
complexity in distributed circuit configuration of interconnect
parasitics without a requirement of any precise standards. The
transmission line based technique [8] moves one step further
over [7] by reducing the number of de-embedding structures
required by approximate interconnect of arbitrary length by
equivalent transmission line model. However, both cascade
based techniques [7], [8] ignore the forward coupling [9]
between two test ports and the contact resistance [6] between
probe and pad. Although the impact of forward coupling could
be alleviated with shielded based design of test structure [2],
still it could no longer be neglected at sufficiently high frequen-
cies.

This letter presents a cascade-parallel based noise de-embed-
ding technique that could account for both forward coupling
effect and distributed parasitics of interconnect concurrently.
It improves the lumped pad approximation of existing cascade
based technique by taking consideration of series contact resis-
tance without additional PAD-SHORT structure [2]. OPEN and
THRU line structures are used to accurately characterize the test
fixture parasitics without knowing their internal circuit config-
uration. The proposed de-embedding technique is verified and
demonstrated on 0.13 gm CMOS device.

II. DE-EMBEDDING THEORY

The proposed noise de-embedding technique is developed
based on a set of shielded based structures (OPEN, THRU L
and THRU LL) that enable effective removal of fixture para-
sitics from DUT (Device Under Test) measurements. A wide
M1 ground shield is included in these structures to provide low
resistive ground connections to all ports and improve the isola-
tion performance [2]. As shown in Fig. 1(a), the two-port device
to be extracted lies in the fixture gap of DUT structure and is sur-
rounded by M1 ground shield. Note that only area within the fix-
ture gap is vulnerable to forward coupling effect [2] at high fre-
quencies since it is not shielded. It is filled by oxide (dielectric)
which serves as the isolating material between metal layers. The
OPEN structure (Fig. 1(b)) is a similar version of DUT structure
but without the intrinsic device. Meanwhile, both THRU L and
THRU LL structures (Fig. 1(c)) consist of a metal line connected
in between bond pads and are fully shielded (no fixture gap). The
line length of THRU LL structure (2L1) is twice of input metal
lead (I.1) and those of THRU L structure. Extraction of device
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parameters from DUT measurements requires the fixture para-
sitics to be known. Here, the OPEN structure is used for charac-
terization of forward coupling parasitics whereas the THRU line
structures are used to determine the fixture parasitics that appear
at both sides of the embedded device. These test structures could
be described by equivalent two-port network models based on
their physical layouts. Fig. 2(a) illustrates the network model
of DUT structure in cascade-parallel form. Similar to existing
cascade based de-embedding techniques, the G-S-G bond pads
(PAD, PAD’) and interconnect lines (Line .1, Line 1.2) are mod-
eled as cascade connected networks that appear at both ports
(IN, OUT) of the intrinsic device. However, the bond pad para-
sitic is separated into both series (PS) and parallel (PP) compo-
nents to address the impact of series contact resistance and pad
to ground admittance respectively. Also, additional parallel con-
nected network, FC is used to model the forward coupling that
exists in the fixture gap due to direct coupling to the lossy sub-
strate. Note that the DUT model is simplified to OPEN model
[Fig. 2(b)] when the embedded device is removed. Meanwhile,
both THRU structures are simply cascade connections of bond
pads and metal lines of different length [Fig. 2(c)]. Overall, the
models provide relationship in between the test structures and
parasitic networks. They could be converted into an equivalent
form of two-port network matrix [Fig. 2(a)] for mathematical
manipulations of noise de-embedding detailed in the following
procedure:

1) Convert measured noise parameters (NFninpuT,
Topt,pur and R, pur) of DUT structure to noise
correlation matrix (in chain representation), Ca pyr by
method [10]. Measure S-parameters of all test structures
(SpbuT, St.1., St. and Soprn) and convert them into ABCD
matrices (Apurt, ArL, Ar and Aopen).

2) Compute ABCD matrix of input parasitic network

4Y1orY11rRAI2LL —1
A — AoiLL—4Y] g AraLL 2Y21r
IN = 8Y1or Y7 g A1oLL +92Y —Yiir
Ao —4Y7 g AloLL 12R Yo1r

Where, Yg = (71, — ZM)_1 and 7y is the Z-matrix form
of AM = (AglALL)_l.

3) Compute ABCD matrix of output parasitic network by
(11]

Aout
coshy(L2 — L1)

- I(AIN [ A sinhy(L2 — L1)

Zosinhy(L2 — L1) ‘II
coshy(L2 — L1)

0 .
0 1 } , propagation

constant, vy = cosh2A11L1 /L1, characteristic impedance,
e = \/A12L1/A21L1 and ABCD matrix of Line L1,
Apn = TAJ ALTA .

4) Compute ABCD matrix of coupling network with A1y and
Aoyt determined, Apc = AleAOpENAB%JT.

5) Calculate the resultant ABCD matrix, Apgyv~ after
de-embed the cascade parasitic networks: Apgyr =
AN ApuTAgyT

6) Convert both Apgy and Apc to Y-matrices (Ypgy and
Y rc) and extract the admittance matrix of the intrinsic de-
vice, Ypev: Ypev = Ypev” — YFC.

Where, permutation matrix, [ = [
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Fig. 1. (a) DUT structure consisting of device (e.g., NMOS) to be character-
ized. (b) OPEN structure is a shielded fixture frame (no device). (¢) THRU L
and THRU LL structures have metal lines of different lengths (L1, 2L1). (a)
DUT. (b) OPEN. (c¢) THRU L/LL.
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Fig. 2. (a) DUT structure modeled as cascade-parallel combinations of 2-port
device and parasitic networks. (b) OPEN model is another version of DUT
model with no device. (c) Cascade network model of THRU L and THRU LL
structures includes pads and metals lines. (a) DUT. (b) OPEN. (c) THRU L/LL.

7) Calculate noise correlation matrices of parasitic networks
in admittance form, Cy v, Cy,our and Cy rc from
their Y-matrices (Yin, Your and Ygc) [12]. Then,
convert both Cy v and Cy out into equivalent cascade
representation, CA,IN, CA,OUT: CA,IN = TINCY,INT%{N

and Caour = TourCyourT8yr where, Tix =
0 A 0 Ajpour .

, Tour = and superscript

{1 Asoin ouT 1 Axour P P

H denotes Hermitian complex conjugate transpose.
8) De-embed noise correlation matrix of cascade parasitic
networks

Ca,DEV”
-1 H\—1 H
= A (CA,DUT - CA,IN)(AIN) — ApevCa,ouTApgy -

9) Convert Cu pey to Cypgvr and de-embed noise

correlation matrix of parallel parasitic network,
Cyrc: Cypev = Cypevr — Cyrc where
Cypev: = Tpev/Capev'Thgys and Tpeyr =
—Yupevr 1
—Yoipevr 0

10) Lastly, convert Cy pgrv to Ca pev and calculate the noise
parameters of the intrinsic device (NFin pEV, L'opt,DEV
and Rn,DEV) by applying method [10]: CAprv =

0 AlzDEV]

r H ] —
TpevCy,pEV IRy Where, Tpry { 1 Asppv

III. RESULTS AND DISCUSSION

Verification on zero-length THRU device provides an intu-
itive way to justify the accuracy of de-embedding technique due
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Fig. 3. Measured (before de-embedding) and de-embedded (a) noise figure of
THRU device and (b) |S21prv| (Magnitude of S-parameter, S21prv ) of OPEN
device versus frequency.
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Fig.4. Measured (before de-embedding) and de-embedded (a) current gain and
noise parameters ((b) NFmin, Rn, (c) 'opt) of 0.13 pgm NMOS device versus
frequency for dc bias of Vgs = Vds = 1.2 V. (d) Measured and de-embedded
NFmin of 0.13 pm NMOS device versus frequency at Vgs = Vds = 0 V.

to its simple defined characteristic. It could be de-embedded
from THRU line structure that has the same total line length
as the DUT structure (L1 + L2). The de-embedded THRU de-
vice should be ideal (0 dB noise figure) since it is parasitic
free. As shown in Fig. 3(a), the proposed de-embedding tech-
nique shows better prediction in noise figure (—20 log [S21pEV|)
of the THRU device than [7], [8] and is thus more accurate.
The de-embedding verification discussed is further extended to
OPEN device. Note that the de-embedded OPEN by techniques
[7], [8] shown in Fig. 3(b) are associated with forward cou-
pling component that becomes dominant at high frequencies
(|S21pEV| > —40 dB at 40 GHz). In contrast, the de-embedded
OPEN by proposed technique is ideal (|]S21pry| = 0) since the
forward coupling effect is corrected. As shown in Fig. 4(a), the
superiority of proposed de-embedding technique over [7], [8]
has resulted in better prediction on current gain performance of
0.13 pm transistor by 1.5 dB at 60 GHz. Based on these verifi-
cation results, the proposed de-embedding technique is further
demonstrated for noise characterization of 0.13 pm NMOS de-

vice with ATN 2-26 GHz noise measurement system. As ex-
pected, the noise de-embedding performance of proposed tech-
nique agrees well with others [7], [8] for frequencies below
26 GHz [Fig. 4(b)—(c)] due to negligible impact of forward cou-
pling and contact resistance. Validation on noise figure perfor-
mance of transistor beyond 26 GHz is extracted directly from
measured S-parameters [12] when it operates in passive mode
(Vgs = Vds = 0 V). As shown in Fig. 4(d), the high frequency
advantage of proposed de-embedding technique over others [7],
[8] becomes obvious at frequencies beyond 25 GHz and ap-
proaches 1 dB at 60 GHz. Overall, the proposed noise de-em-
bedding technique is more suitable than [7], [8] in noise char-
acterization of RF devices at millimeter-wave frequencies.

IV. CONCLUSION

An accurate THRU-OPEN based noise de-embedding tech-
nique is presented. It is developed based on mix cascade-par-
allel configuration of the test fixture model which allows both
distributed parasitics of interconnect and forward coupling ef-
fect to be taken into consideration concurrently. The proposed
de-embedding technique is validated and has been shown to be
more accurate than existing cascade based de-embedding tech-
niques [7], [8]. This corresponds to 1 dB improvement in pre-
dicted NFmin of the 0.13 ym NMOS device at 60 GHz. Thus,
it is recommendable for noise characterization of lossy devices
at RF/millimeter-wave frequencies.
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