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ABSTRACT In this paper, a technique to develop small signal circuit (SSC) models of AIGaN/GaN high
electron mobility transistors (HEMTs) using dependent current sources is presented. In this technique,
experimentally measured broadband Y-parameters of AIGaN/GaN HEMTs are mathematically modeled
as a sum of pole-residue terms. By representing each pole-residue term as a dependent current source, it
is possible to develop an accurate SSC models for HEMTs which otherwise may not be possible using
passive resistive-inductive-capacitive elements. The accuracy of the proposed SSC model is validated
against the conventional SSC model using a 2", 3" and 4™ order rational function representation of
the admittance branches of AlGaN/GaN HEMTs. Therefore, the proposed SSC model turns out to be
highly robust in nature and can take care of any form of the transfer functions of the admittance branches
between the gate, drain, and source terminal of an AlGaN/GaN HEMT.

INDEX TERMS HEMT, small signal circuit, vector fit, rational functions, Y-parameters.

I. INTRODUCTION

AlGaN/GaN hetero-structure based high electron mobility
transistors (HEMTs) is a promising candidate for real-
izing radio frequency (RF) power amplifiers [1], [2], [3].
AlGaN/GaN hetero-structure provides a higher Johnson
Figure of Merit (JFOM) than the other commercially avail-
able semiconductors such as Si, GaAs or InP field effect
transistors (FETs) [4], [5], [6]. To design a RF electronic
circuit using AlGaN/GaN HEMTs, an accurate small sig-
nal circuit (SSC) model of the device which can capture
the broadband frequency behavior is desired. The general

SSC model of any field effect transistor (FET) consists of
a dependent current source (Ij;) and admittance branches
between drain, source. and gate terminals, as shown in
Fig. 1 (a). A schematic of the conventionally used SSC
model of AlGaN/GaN HEMTs is shown in Fig. 1 (b) [7], [8].
Traditionally, the circuit element values making up the SSC
model are derived by fitting the model parameters to experi-
mentally measured Y-parameters only at low frequencies [9].
Consequently, the conventional SSC models of AlIGaN/GaN
HEMTs fail to capture the high frequency behavior of the
device [10], [11], [12]. To overcome the limitations of the
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FIGURE 1. (a) General intrinsic small signal model of an FET with
admittance branches; and (b) SSC model representing the corresponding
elements in each admittance branch.
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conventional SSC model of AlGaN/GaN HEMT at broad-
band frequency range, several empirical models has been
reported in the literature. An overview of some of these
empirically derived SSC models can be found in [10].

In a recent study, we have demonstrated a novel approach
to develop modified SSC models that can better capture
the experimentally measured Y-parameters of AlGaN/GaN
metal oxide semiconductor HEMTs (MOS-HEMTSs) over
a broadband frequency range [13]. The modified SSC mod-
els were constructed by fitting the experimentally measured
Y-parameters of the device into a sum of pole-residue
terms of individual admittance branches (Y4, Ygs and Yy
of Fig. 1 (a)). The precise locations of the poles and
residues were obtained by the vector fitting algorithm to
provide the least-square error between the measured and
fitted Y-parameters [14], [15]. Finally, the resultant pole-
residue terms of each admittance branch were modeled
using additional passive resistive-inductive-capacitive (RLC)
circuit elements. The resultant modified SSC models of
AlGaN/GaN MOS-HEMTs were shown to be highly accu-
rate over a broadband frequency range. Indeed, the accuracy
of the proposed modified SSC models were significantly
better than the conventional SSC model shown in Fig. 1 (b).

A major limitation of the previous work is that, any neg-
ative residue term in a pole-residue transfer function cannot
be represented using passive (RLC) elements. Furthermore,
the values of the transconductance (g,,) and time constant
() associated with the dependent current source of the SSC
model were extracted using the conventional method of fit-
ting the low-frequency range of experimentally measured
Y-parameters. Thus, the values of g,, and T were considered
constants for the entire frequency range [13]. However, as
observed in Fig. 2, the values of g, and 7 derived from
the experimentally measured Y-parameters of AlGaN/GaN
HEMTs also show a significant deviation across a broad-
band frequency range. Both these features end up reducing
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FIGURE 2. Variation in SSC elements as a function of frequency of
AlGaN/GaN HEMT. (a)-(h) shows the variations in R;, R gd 9ds (1/Rys), gm.
Cgs: Cas: Cgd and z, respectively. Dashed red lines represent the values for
conventlonal SSC model of Fig. 1 (b).

the accuracy of the modified SSC model of [13]. Therefore,
a more robust approach is necessary to develop highly accu-
rate SSC models of any RF electronic devices such as
AlGaN/GaN HEMTs.

In this paper, we have developed a new modified SSC
model that can better capture the broadband (500 MHz to
50 GHz) Y-parameters of AIGaN/GaN HEMTSs compared to
our earlier work of [13]. Specifically, in this work, the pole-
residue terms for each admittance branch are represented
using dependent current sources as opposed to RLC passive
circuit elements. Therefore, all poles and residues of the
transfer function can be accommodated without any restric-
tion. The proposed model also accommodates the variation
in g, and t with respect to frequency. The methodol-
ogy developed in this work is shown to be highly robust
in nature, i.e., the resultant models are capable of repre-
senting any form of admittance branch transfer function.
Furthermore, the procedure is generic in nature, can be
directly applied to develop accurate SSC models of any high
frequency field effect transistors (FET), not just AlGaN/GaN
HEMTs.

Il. LIMITATION OF SSC MODELS USING PASSIVE RLC
CIRCUIT ELEMENTS

Existing literature indicate that the conventional SSC model
of an FET fail to capture the device response across
broad frequency ranges, especially in the higher frequency
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regime where the parasitic contributions play a pivotal role.
Indeed, the conventional SSC model of Fig. 1 (b) provides
a good match with experimentally measured data only at
low frequency ranges, as observed in Fig. 2. Thus, sev-
eral modified SSC models of FETs were developed mostly
through empirical judgements. Therefore, the existing tech-
niques are neither unified nor robust in nature, i.e., the
methodologies cannot be directly applied to different FETs
or even same FET device design when physical parame-
ters (such as gate length) are scaled. In a recent work,
we have proposed a novel approach to develop SSC mod-
els of AlGaN/GaN MOS-HEMTs using additional passive
elements [13]. Instead of placing additional passive circuit
elements empirically, we developed a systematic procedure
to identify the exact location of poles and residues in the
transfer functions of individual admittance branches of the
AlGaN/GaN MOS-HEMT. The optimized transfer functions
in pole-residue form were then modeled using additional
passive RLC elements. We have also demonstrated that the
order of the transfer function can be treated as a degree of
freedom in improving the SSC model accuracy. The resultant
SSC model using 2" order transfer function of individual
admittance branch was shown to offer a better accuracy com-
pared to the conventional SSC model shown in Fig. 1 (b).
Likewise, increasing the transfer function order to 4 further
improved the SSC model accuracy with a compromise in
the model complexity, since an increase in the number of
pole-residue terms demand an increase in the number of
passive RLC elements. The values of passive RLC elements
could be directly extracted from the location of the poles
and residues.

One fundamental constraint of the above procedure is
that to realize a Simulation Program with Integrated Circuit
Emphasis (SPICE) compatible SSC model having additional
passive elements, all the passive RLC element values must
be positive. Consequently, if any pole-residue term leads to
negative R, L, or C values, then that term had to be excluded
from the model. Unfortunately, this problem was seen in
AlGaN/GaN HEMTs under investigation. Furthermore, as
mentioned previously, one disadvantage of the previously
proposed model is that the values of g, and 7 of the
SSC model were assumed to be constant, in violation of
the actual values of these SSC model parameters over
a broadband frequency range. Both these features of our
previous work lead to inaccurate model realizations for
AlGaN/GaN HEMTs.

In this work, we have developed a highly robust approach
of developing SSC model of any FETs over a broadband
frequency range. In particular, the methodology takes care
any form of optimized pole-residue transfer function of
individual admittance branches. Importantly, the method-
ology uses dependent current sources instead of passive
RLC circuit elements, thus removing the basic constraint of
the work of [13]. Furthermore, the proposed methodology
also considers the variation in g, and T over a broadband
frequency range.
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11l. PROPOSED MODIFIED SSC MODEL
ADDITIONAL DEPENDENT CURRENT SOURCES
A. PROCEDURE TO DERIVE THE MODIFIED SSC MODEL

Similar to our previous report [13], the modified SSC model
of AlGaN/GaN HEMTs is derived by fitting the response
of the individual admittance branches Yj,(s) (that is Yg(s),
Yea(s) and Yyg(s) of Fig. 1 (a)). Traditionally, the experi-
mentally measured Y-parameters of an AlGaN/GaN HEMT
are correlated to the individual admittance branches of the
conventional SSC model of Fig. 1 (b) using the relation [7]:

HAVING

_ (Y@ Yia(s)
Y@—(mm nm)
Ygs(s) + Ygd(s) - gd(s)
T\ ) o () () Ya(s) + Yals)
g5\

ey

where s=jw, w=2nf, f is the instantaneous frequency. In the
above equation, it is observed that the value of Y5(s) directly
influences the values of g, and t, which eventually leads to
the value of 7 in the conventional SSC model of Fig. 1 (b).
The value of Iy of the conventional SSC model of Fig. 1
(b) is given as: Ij;=g,ve 7T, where v is the voltage drop
across the capacitance (Cg,) appearing in the Y,y admittance
branch. However, as observed in our previous report, the Y
admittance branch may have additional inductive elements
appearing at broadband frequency range. Furthermore, addi-
tional capacitive elements may appear in the Y,; admittance
likely due to the parasitic effects at higher frequency ranges
(to be discussed later). Consequently, instead of assuming the
value of I;; to be only dependent on the voltage drop across
Cys, we assumed the value of Iy to be directly dependent
on the input voltage (V;,) of the two-port network. Note that
the proposed approach is analogous to the textbook approach
of deriving the dependent current sources of any FET [16].
Therefore, the modified expression of Y>; can be derived
by keeping V,,;=0. The resultant value of I is given as:
Ijs = gmVine 7. Likewise, taking the above consideration,
equation (1) can be modified to:

Yii(s) Yia(s)
Yw—(mm bm»
_ < Ygs(f) + Ygd(s) - gd(s) ) )
gme 7T — Yea(s)  Yas(s) + Yga(s)

The procedure for deriving equation (2) from equation (1)
is highlighted in the appendix section. Therefore, equation
(2) can be used to derive the optimized transfer function
of individual admittance branches. For this, the experimen-
tally measured Y-parameters are separated into admittance
branches Yj,(s) which are directly fitted as rational functions
using the vector fitting algorithm as [17]:

N
Yor(s) = )

i=1

(cor)i
§— (abr)i

3)

where N is the order of the rational function (number of
poles), (cpr); is the residue for the corresponding pole (ap,);.
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FIGURE 3. Flow chart for developing small signal model, blue box - vector
fit algorithm, red box - circuit realization from the pole-residue transfer
function.

method

In this work, the variation in g, and t with frequency is
also modeled in the pole-residue form after separating the
Yoq part from Y3 such that:

Gy (s)=gme 7T =Y21(s) — Y12(s) )

Similar to the individual admittance branches, the pole-
residue transfer function for Gy(s) is also developed and
correspondingly represented in the form of dependent current
source I4;. The transfer function form of equation (3) will
consist of N poles and N-1 zeroes. Note that in (3), the pole
(apy); for all value i is guaranteed to be negatively real by
the vector fit algorithm [14], [15], [18].

Finally, the task is to extract the SSC model elements
and their values from the corresponding (optimized) admit-
tance branches transfer function in the pole-reside forms.
A block diagram of deriving the SSC model of an FET
using the proposed formalism is shown in Fig. 3. As per
Fig. 3, in order to find the optimum transfer function of
individual admittance branches that precisely match with the
experimentally measured Y-parameters, initial pole locations
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are considered to be linearly spaced over the experimen-
tally measured Y-parameters frequency range. Thereafter,
the location of the poles are varied in an iterative manner
such that the final pole locations precisely match the exper-
imentally measured Y-parameters. Further details about the
procedure for deriving the optimized transfer function of
individual admittance branch using the vector fit algorithm
can be found elsewhere [14] and is avoided in this paper for
the sake of brevity.

Next, to derive the equivalent circuit from an admittance
branch transfer function, either the standalone i-th term or
conjunction of the i-th and i+/-th term of the corresponding
admittance branch transfer function (Yj.(s)) is considered.
Next, the standalone i-th term or conjunction of i-th and
i+1-th term is modeled using either passive RLC elements
or a dependent current source depending upon the following
conditions.

Condition-A - if N is even: The vector-fit algorithm ensures
the successive terms of the transfer function have either
real poles or complex-conjugate poles. For example, if
N=2, the transfer function will have two poles {(ap;); and
(apr)it1}, corresponding residues will be (cpr); and (cpr)it1-
Similarly, for N=4, the transfer function will have four
poles {(ap,); and (apr)iy1, (apr)iv2 and (apr)iy3}); corre-
sponding residues will be (cp,); and (cpr)it1, (cpr)it2 and
(cbr)i+3), and so on. Now, real poles will always yield
a real residue, whereas complex-conjugate pole will always
yield a complex-conjugate residue. Thus, depending upon
the nature of the residues, one has to follow the below men-
tioned sub-conditions while deriving the equivalent circuit
elements. For simplicity, the sub-conditions will be explained
for i-th term and i+/-th term; same sub-conditions can be
directly applied to conjunction of i+2-th and i+3-th term,
and so on.

Subcondition-Al - If both the residues are real and pos-
itive: one can represent the conjunction of i-th term and
i+1-th term as a single series connected RLC network. The
value of individual circuit elements of the RLC network is
given by the relation [13]:

1

(cvr)i + (Cbr)iti
Gpr = —Cpr X &py;

Ry = {_[(abr)i + (abr)i+1] + Ebr};

(cor)i + (Cor)it

Cpr = |
" (apn); % (@pr)iv1 + {—[(@sr)i + @br)is1] + br} X br
Lor = ;; where,
(cor)i + (ebr)iy1
Epy = [@pr)i % (cor)iv1 + @br)iv1 X (Cbr)i] s

[(Cbr)i + (cbr)i+1]

Fig. 4 (a) highlights the equivalent circuit representation of
a 4™ order (N=4) admittance branch transfer function when
subcondition-Al is satisfied. Here, Y;; represent the equiva-
lent admittance by conjoining the i-th term and i+ /-th term;
whereas Yy represent the equivalent admittance by conjoin-
ing the i+2-th term and i+3-th term. Note that Fig. 4 (a) also
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FIGURE 4. Current source equivalent model of an admittance branch:

(a) for the subcondition-A1, subcondition-A2 where (cp,);+(cp,)i 1>0:
subcondition-A4 and subcondition-B1; (b) for the subcondition-A2 where
(¢pr)i+(Cpr)is1 <0, subcondition-B2 when i and i+ 1-th term gives passive
circuit, condition-C, condition-D; and (c) for the subcondition-A3,
subcondition-A5, subcondition-B2 when i and i+1-th term is also
represented as current source. The direction of the current source will be
such that the overall admittance response (Y) will always be the
summation of individual sub-branch admittance, that is [/V=Y=Y{; +Y¢,.

holds true for N=3 when i+2-th term and conjoin of the
i-th term and i+/-th term satisfies subcondition-Al.

Subcondition-A2 - If both the residues are real, but one is
positive and other is negative: In this case, the summation of
residues can either be positive or negative. If the summation
of residues is positive, then the conjunction of i-th term and
i+1-th term can be represented as a single series connected
RLC network with individual circuit element values are men-
tioned in (5). On the other hand, if the summation of residues
is a negative number, then one has to represent the i-th term
and i+/-th term individually. Among these two, the term
having positive residue will be represented as a RL network,
whereas the negative residue term will be represented as
a current source. For example, assume the residue of the i-th
term is real and positive whereas the residue of i+/-th term
is real and negative and (cp,)i+(cpr)i+1 <0, then the i-th term
will be represented as a series RL network with Ly,=1/(cpr)i
and Rp,= — (apy)i/(cpr); [19]. For this case, the i+I-th
term will be represented as a dependent current source.
A schematic representation for subcondition-A2 for a 2"
order (N=2) rational function where (cp,)i+(cpr)i+1<0 is
shown in Fig. 4 (b).

Subcondition-A3 - If both the residues are real and nega-
tive: In this case, both i-th term and i+/-th term has to be
represented using a dependent current source in the corre-
sponding admittance branch (schematic shown in Fig. 4 (c)).
For this case, the value of admittance corresponding to the
unified current source (conjunction of i-th term and i4/-th
term) is given as [20]:

s[(cor)i + Coripr] — [(eor)i X @pr)is1 + (€or)ip1 X (apr);]
5% = [(@br)i + (@pr)ig1 ]s + (@pr)i X (@r)ig

Yir(s) =

(6)

Subcondition-A4 - If both the residues are a complex-
conjugate, but the real part of both the residues are positive:
in this case, the conjunction of i-th term and i+/-th term
satisfy conditions mentioned in equation (5). Hence, the
subcondition-A4 can be represented as a series connected
RLC network; the values of the elements are available in
equation (5).

VOLUME 10, 2022

Subcondition-A5 - If both the residues are a complex-
conjugate, but the real part of both the residues are negative:
in this case, both i-th term and i+/-th term has to be repre-
sented using a dependent current source in the corresponding
admittance branch. For this case, the value of admittance cor-
responding to the unified current source (conjunction of i-th
term and i+4/-th term) is given as [20]:

2(poris + (Por.i€br.i — Gbr.ifor.i))
2
(S + ebr,i) +szr,i
(abr)i = —€pr,i +]fbr,i7 (Cbr)i = Pbr,i +jqbr,i7
@pr)it1 = —epr,i — jfor,is  (Cbr)ix1 = Pbri — Jqpr,i (7)

Ypr(s) =

where the term pp,; and ep,; represent real and imaginary
part of residue cp,;, similarly e, ; and fp, ; represent the real
and imaginary part of pole ap, ;.

Condition-B - N is odd: If N is an odd number (N=x+1),
the task is to represent the additional term after pairing the
other terms considering x is an even number. For example,
if N=3, after pairing i-th term i+ /-th term and applying the
condition-A to the conjunction of i-th term and i+ /-th term,
the task is to represent the i+2-th term. The vector-fitting
algorithm ensures this additional term to have a real pole
and a real residue.

Subcondition-B1- If the additional residue is real and pos-
itive: In this case, the i+2-th term can be represented using
a series RL network connected in parallel to the circuit ele-
ments representing the conjunction of i-th and i+/-th term,
similar to the topology shown in Fig. 4 (a). The value of R
and L for representing the i4-2-th term is given as: Rp,= —
(apr)i+2/(cpr)iv2 and Ly,=1/(cpr)i+2-

Subcondition-B2 - If the additional residue is real and
negative: In this case, the i+2-th term can be represented
as a dependent current source. Now, if the conjunction of
i-th term and i+/-th term has been implemented using pas-
sive RLC circuit elements (subcondition-A1l, subcondition-
A2 where (cpr)i+(cpr)i+1>0, and subcondition-A4), then the
dependent current source for i+2-th term will be connected
in parallel to the passive RLC circuit elements. On the other
hand, if the conjunction of i-th term and i+/-th term yields
a dependent current source, then the current source dedicated
for the i+2-th term can be conjoined with the other current
source term dedicated for i-th and/or i+/-th term. Procedure
for replacing two parallel-connected current sources by a sin-
gle current source is already available in subcondition-A3
and subcondition-AS.

Condition-C - when &p,,>0: This is a special condition that
can occur under subcondition-A2 where (cp;)i+(cpr)i+1>0,
and subcondition-A4; when £;,>0. In this case, the value
of Gpr is negative which cannot be implemented in
SPICE. Under such scenario, the pole-residue form of the
transfer function must be re-arranged into two terms where
one term that can be realized using RLC network, and the
other term can be realized using a dependent current source.
For example, if the optimized pole-residue form for i-th term
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and i+/-th term is found to be:

(Cbr)i
s — (abr)i

(Chr)iti
s = (abr)i+l

Ypr(s) = (®)
such that £,,>0 (the value of &j, calculated from equa-
tion (5)), but the values of poles and residues sat-
isfy the subcondition-A2 where (cp)i+(cpr)it1>0, or
subcondition-A4. In this case, equation (8) can be re-
arranged as:

[(Cbr)i + (Cbr)i+1]5 - [(cbr)i X (@pr)it1 + (Cbr)ig1 X (dbr),']

Yor(s) =
br(5) s2 = [(@br); + (@b)it1]s + (@) % (@)it

€))
Equation (9) then can be split into two terms given as:

[(cor)i + (cor)ir1]s
52 — [(@br); + @br)is1]s + @) X (@)t
—[(cor)i % @pr)iv1 + (cor)iv1 X (apr);]

52 — [(@pr); + @r)iv1]s + (apr)i X (@pr)ig
(10)

Ypr(s) =

The first term of equation (10) can be represented as
single RLC network, whereas the second term of (10) can
be represented in the form of a current source connected
in parallel to the first term (RLC branch). The equivalent
network topology shown in Fig. 4 (b). The expression for
current source admittance (Y;) and values of RLC elements
can be obtained as:

Yo = —{(cor; X (@br)ip1 +(Corypy X (@pr);}/
{sz - [(abr),-+(abr),'+1]s+(abr),- X (abr)H_] }1
1 <(ahr)i + (@pr)it1 )
Lbr = - < s Rpp=—\ T )
(cbr)i + (Cbr)iti (cor)i + (Chr)it1

_ (cbr)i + (Cbr)it
(@pr)i X (apr)it1

Condition-D - when &p.<[(apr)i+(apr)i+1]: The real part
of all poles are bound to be negative when optimized
using the vector-fitting algorithm. Thus, {-[(ap;)i+(apr)i+11}
appearing across the Rp, term of equation (5) is
always positive. Therefore, when &p,.<[(ap,)i+(apr)i+1],
then the value of Rp. is negative and hence Ry can-
not be implement in SPICE. This special condition can
appear under subcondition-A2 where (cp;)i+(cpr)i+1>0 and
subcondition-A4. The procedure to circumvent this condi-
tion is similar to the procedure highlighted in condition-C,
that is the transfer function must be re-arranged and split
into two terms where one term that can be realized using
RLC network, and the other term can be realized using
a dependent current source (see equation (10)-(11)).

In the subsequent section, we have derived the modified
SSC model of AlGaN/GaN HEMT using the procedure men-
tioned above. For a better clarity, a step-by-step explanation
of the above procedure is also highlighted considering a 34
order (N=3) transfer function of the individual admittance
branches and the Gy(s) term.

Cor 1)
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Un-GaN (500 nm)
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FIGURE 5. Cross-sectional schematic of AlGaN/GaN HEMTs investigated in
this work.

IV. EXPERIMENTAL DETAILS

AlGaN/GaN HEMT epitaxial layers consisted of a 500 nm
un-doped GaN layer and a 25 nm Alg»5Gag75sN barrier
layer grown on 4H-SiC substrates. Once the mesa regions
were defined by using a reactive ion etching system, con-
tacts for source and drain were deposited and patterned.
A metal stack consisting of Ti/Al/Mo/Au was used to form
source/drain ohmic contacts. Ohmic contacts were annealed
at 860 °C for 30 s in N, ambient. Then, Ni/Au (50/150 nm)
Schottky gate contact was deposited using electron beam
evaporation system. Gate length (L) is kept as 1.5 um,
whereas gate-to-drain and gate-to-source distances were kept
as 6 um and 2 pm, respectively, as shown in Fig. 5. Finally,
a 150 nm thick SiN was sputter deposited as device passi-
vation dielectric. S-parameter characterization of the devices
were carried out for a frequency range of 500 MHz to
50 GHz using a network analyzer. The value of drain to
source voltage (Vgsy) was fixed at 15 V, whereas the gate
to source (Vgsq) was kept at a point where the transcon-
ductance is maximum. Intrinsic S-parameters were derived
using open-short de-embedding method to eliminate the
pad and interconnect parasitics [21], [22]. Conversion of
S-parameters to Y-parameters and vice-versa was performed
using MATLAB software with characteristic impedance of
50 Q.

V. RESULTS AND DISCUSSION
A. COMPARISON BETWEEN CONVENTIONAL SSC MODEL
OF FIG. 1 (B) AND THE PROPOSED SSC MODEL

The experimentally measured Y-parameters of AlGaN/GaN
HEMT was used to derive the optimum transfer function of
individual admittance branch of the SSC model. For example,
the pole-residue form of admittance branch Y, considering
N=3 was found to be:

8.93 x 10” +j1.44 x 10°

s+ 3.41 x 1011 —j1.51 x 1012

8.93 x 10° —j1.44 x 10°

Y, =
sd(®) s+ 341 x 1011 4151 x 1012

subcondition-A4
—7.33 x 107
_— 12
s+1.03 x 101 (12)
—_—

subcondition-B2

The transfer function of equation (12) consists of 3 poles
{(aga)1, (agq)2 and (agq)3} and their corresponding residues
{(cga)1, (cga)2, (cga)3}, falls under condition-B (N is odd).
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Thus, the first two terms of equation (12) can be equivalently
represented in the SSC model by following the condition-A.
It is evident that the values of poles and residues for the
first two terms of equation (12) are: (agq)1 = —-3.41x 10!+
JL51x10'2, (aga)y = -3.41x10'"= j1.51x10'2, (cea)1 =
8.93x107+ j1.44x10” and (cgq)2 = 8.93x10%— j1.44x10°.
These residues are complex-conjugates and their real parts
are positive, hence they can be modelled using subcondition-
A4, that representing first two terms of equation (12) using
a single RLC network. Corresponding values of RLC circuit
elements (Rgy, Cgq, Lgg and Ggy) can be found using the
relation:

1
Rea = m{—[(agd)l + (aga), ] + &eals
ng = —Cgq X &ga
Coy = (ng)l + (ng)z .
‘ (“gd)l X (“gd)z + {_[(agd)l + (“gd)z] + ggd} X Egd
1
Loy = ————————where,
U (e + )y
Eo = [(agd)l X (ng)z + (“gd)z X (cgd)l] (13)

[(cea); + (cga),]

The optimized values of poles and residues available in
first two terms of equation (12) was observed not to enforce
condition-C or condition-D, that is both Ry and Gg4 are
positive quantities and hence realizable in SPICE platform.
Next, the additional third term of equation (12) has a nega-
tive residue, which can be incorporated into the SSC model
by following the subcondition-B2. This term can be repre-
sented by a dependent current source (/). By using equation
(12), the admittance of this current source is deduced to be:
Yo= —7.33%x107/(s+1.03x 10'1).

3.63 x 10! N —1.44 x 10!
s+28x 1012 " s4+1.5x 1012

subsection-A4

-2.9 x 10°
_|_ -
s+ 8.79 x 1010
— —

subsection-B2

Ygs (s) =

(14)

Similarly, the optimized transfer function for the Yy
branch is shown in equation (14). Likewise, the poles
and residues of the first two terms are as follows: (ags)1
= 2.8x10'2, (ag)a= —1.5x10'2, (cgs)1=3.63x10'! and
(cgs)2= —1.44x10'"". Similarly, these two terms obeyed
subsection-A4, corresponding values of Rgs, Lgs, Cgs and
Ggs were observed to be positive. The additional term has
a negative residue obeying subsection-B2, which is modeled
as current source (/1) having admittance term derived as:
Yo= —2.9x10%/(s+8.79x10'0).

—9.51 x 10° 4j1.82 x 108
s+ 1.81 x 101 —j3.25 x 10!

—9.51 x 106 —j1.82 x 108

Y. (s) =
as(5) s+ 1.81 x 1011 +,3.25 x 1011

subcondition—A5
1.02 x 10!
s+ 8.44 x 1013
N ——

as)

subcondition—B1
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FIGURE 6. Modified multiple current source based SSC model of
AlGaN/GaN HEMT having 379 order transfer function representation of the
individual admittance branches. Here, I; =Y, Vgs, =Y, Vg and I3=Y3 V.

Next, the optimized transfer function for the Yy, branch is
shown in equation (15). In equation (15), poles ad residues
of first two terms are complex conjugates, whereas the real
term of the residues are negative. Thus, the first two terms of
equation (15) satisfy the subcondition-A4, and hence must
be realized into the SSC model using a dependent current
source. Corresponding admittance of the dependent current
source was found to be: Y3 = (—=1.9x107s — 1.22x1020)
/ (s2 + 3.62x10's + 1.38x10%). Similarly, the residue
of the additional third term of equation (15) is positive,
which satisfies the subcondition-B1. Hence, the third term
of equation (15) is realized using a RL network; the values
of R and L are given as: Rgy= —(ags)3/(cds)3; Las=1/(cqs)3;
where (cgs)3 = 1.02x10'!" and pole (ag45); = —8.44x10'3.

—1x 107 4+8.85 x 10°
s+ 4.22 x 1011 — j8.39 x 1010
—1x 107 —j8.85 x 10°
s+4.22 x 10! 4 ;8.39 x 1010
2.45 x 107
549.04 x 1010

Gu(s) =

(16)

Finally, the optimized value of Gy(s) is shown in equation
(16). Unlike the individual admittance branches (Ygq, Yy
and Y,), the entire transfer function of Gy(s) is represented
using a current source. For this, equation (16) is re-arranged
into a single term given as:

4.35 x 10852 — 4.48 x 10205 4+ 2.44 x 1032

534936 x 101152 +2.62 x 10235+ 1.68 x 1034
(17)

Gu(s) =

Thus, equation (17) is directly modeled as a dependent cur-
rent source using the relation: I;3=Gp V. The modified SSC
model (for N=3) of the AIGaN/GaN HEMT investigated in
this work is shown in Fig. 6. The calculated values of SSC
model elements for AlIGaN/GaN HEMT having Lg=1.5 um
are highlighted in Table 1.

From Fig. 1 and Fig. 6, it is evident that the modi-
fied SSC model resembles the conventional SSC model,
except several passive RLC elements and active current
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TABLE 1. Proposed SSC model element values extracted from the
experimentally measured Y-parameters of AlGaN/GaN HEMT.

Circuit Circuit

value value
elements elements
Cys (fF) 116.6 Gy (mS) 74.3
Cy (fF) 7.55 Gyq (MS) 0.73
Ry (Q) 16.76 Ly (pH) 4.56
Ry (QQ) 32.85 Lga (pH) 55.9
Ry (Q) | 82745 Ly (pH) 9.8

Conventional SSC model

O Experimentally measured
Proposed SSC model

270

FIGURE 7. Comparison of S-parameters of AlGaN/GaN HEMT (Lg=1.5 xm)
obtained from experimentally measured device, conventional SSC model
of Fig. 1 (b) and proposed SSC model of Fig. 6.

sources were added to the conventional SSC model to bet-
ter capture the broadband device response. The inductive
effects observed in Fig. 6 may be attributed to the loss of
extrinsic de-embedding method efficiency in capturing the
device broadband frequency response [12]. Likewise, addi-
tional current sources in the SSC model may be indicative
of non-quasi static effects known to be dominant at high
frequency range [11].

Next, comparison of the experimentally measured S-
parameters with predicted S-parameters obtained from con-
ventional SSC model of Fig. 1 (b) and the proposed current
source based SSC model (Fig. 6) is shown in Fig. 7.
As observed in Fig. 7, the proposed current source based
SSC model better captures the experimentally measured S-
parameters as compared to the conventional SSC model of
Fig. 1 (b). Especially, a large deviation between the experi-
mentally measured S-parameters and the conventional SSC
model of Fig. 1 (b) are observed for Sj» and S, at high
frequency range. On the contrary, the proposed SSC model
derived with a 3™ order transfer function better captures
the high frequency behavior of the AlGaN/GaN HEMT
investigated in this work.
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FIGURE 8. Error percentage comparison of different S-parameters of
AlGaN/GaN HEMT. Here A refers to the Conventional model; whereas B, C
and D represents the current source based SSC models derived using 2"d
order (N=2), 374 order (N=3) and 4th order (N=4) transfer function of
individual admittance branch, respectively.

The accuracy of the conventional SSC model and the
proposed current source based SSC models quantified with
respect to the experimentally measured S-parameters are
shown in Fig. 8. Percentage error metric (Eyg) between
the experimentally measured S-parameters and SSC model
generated counterpart is calculated using the relation [23].

_ Y o1 |Saﬁ (measured)g — Sag (model)ei

E
of > %_1|Sap(measured)q|

x 100 (18)

where «, B € 1, 2, n corresponds to number of frequency
data points, Seg (measured) and Syg (model) represents the
experimentally measured S-parameters and the S-parameters
obtained from the SSC models, respectively. Fig. 8 (a) and
Fig. 8 (b) illustrates the error in the magnitudes and in phase
of S-parameters of AlGaN/GaN HEMT investigated in this
work. As observed, conventional SSC model of Fig. 1 (b) fail
to match the experimentally measured S-parameters; a max-
imum error of 6.76% in magnitude of S12 and 33.15% in
phase of S17, is observed for the conventional SSC model of
Fig. 1 (b), as observed in Fig. 8. In contrast, the proposed
SSC model of Fig. 6 displays a significantly lower error met-
ric; corresponding error in capturing the magnitude and phase
of S is observed to be only 2.61% and 3.5%, respectively.
For some of the magnitude and/or phase of S-parameters,
the proposed SSC model of Fig. 6 yield more than an order
of magnitude difference in the error values compared to the
conventional SSC model of Fig. 1 (b). The transfer function
optimization scheme used in this work is aimed to obtain
a minimum average error percentage for all S-parameters.
As a result, the error percentage in magnitude of Sq; and
S75 of the modified SSC model (for N=2) was observed to
be higher than that of the conventional model, as observed
in fig. 8. However, the average error of all S-parameter for
the 2" order transfer function based SSC model is still
lower than that of the conventional SSC model. This indi-
cates the necessity of adding additional poles or increasing
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the transfer function order to better capture the experimen-
tally measured S-parameters. Beyond the 3" order transfer
function, the error metric does not show significant improve-
ment by increasing the model order further. Over fitting of
the parameter response using higher order rational model
may lead to slight increase in the error value. Thus, a 3"
order transfer function is found to be optimum in deriv-
ing the proposed current source based SSC model of the
AlGaN/GaN HEMT investigated in this work.

B. DISCUSSION

The deviation between the experimentally measured
S-parameters of AlIGaN/GaN HEMTs and the conventional
SSC model derived counterpart arises due to the constant
nature of lumped circuit element values. The lumped circuit
element values of conventional SSC model are tradition-
ally derived by fitting the low frequency S- or Y-parameters
of the device [9]. In our previous study, we have shown
that the conventional SSC model of Fig. 1 (b) can match
the experimentally measured S- or Y-parameters of an
AlGaN/GaN (MOS)-HEMT only if the corresponding cir-
cuit element values are considered to be a function of
frequency [10]; also evident in Fig. 2 of this paper. This
frequency dependency of the conventional SSC model
circuit element values can be attributed to issues like de-
embedding efficiency loss, non-quasi static effects, parasitic
interferences appearing across a broadband frequency range,
etc. De-embedding efficiency refers to the accuracy in sep-
arating the extrinsic circuit of an FET from the intrinsic
FET model elements. Variation in the intrinsic SSC ele-
ment values indicate the need of precise extrinsic circuit
modeling and choosing adequate de-embedding technique. In
this work, HEMT intrinsic response was extracted by using
the open-short de-embedding technique, hence modeling
of the extrinsic circuit is beyond the scope of this work.
Moreover, different de-embedding techniques are likely to
vary the intrinsic device response. Unfortunately, the de-
embedding efficiency is a strong function of measurement
frequency; extrinsic de-embedding circuit components start
influencing the intrinsic component values at high frequency
of measurements [9]. In the same line, non-quasi static
effects also dominates at high frequency range [24]. Also
parasitic interferences are inevitable when an FET is oper-
ated at a broadband frequency range. Consequently, the
optimized transfer function is likely to be dependent on
the de-embedding technique used. However, as observed in
Fig. 2 and other existing literature, the need for additional
passive components and/or current sources is inevitable to
precisely capture the HEMT SSC model. Therefore, there
has been a need of developing precise SSC model of FETs
for using it over a broadband frequency range.

Several reports have emerged on developing modified SSC
models that can better capture the behavior of an FET
over a broadband frequency range. Most of these mod-
els are empirical in nature, and do not provide a unified
guideline on the procedure to develop the modified SSC
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FIGURE 9. Average error percentage comparison between passive RLC
elements based SSC model and active current source based SSC model of
AlGaN/GaN MOS-HEMT having SiN as gate dielectric. Here A refers to the
Conventional model; whereas B, C and D represent the SSC models derived
using 2"d order (N=2), 3'4 order (N=3) and 4t order (N=4) transfer
function of individual admittance branch, respectively. Average error
represents the average of magnitude and phase error of all Y-parameters.

model. In a recent work, we have reported a standard
procedure to derive the modified SSC model of an FET
using the rational function representation of the individual
admittance branches, and optimizing the poles and zeroes
of the individual admittance branches using the popularly
known vector-fitting algorithm [14],[13]. Unfortunately, the
procedures highlighted in our previous report need further
modifications if there arises a situation where the admittance
branch elements cannot be represented using passive RLC
elements. Hence the model proposed in previous work [13],
can be considered as implementation of subcondition-Al.
That is, if a user encounters (i) subcondition-A2 where sum
of the residues is a negative number, (ii) subcondition-A3,
(iii) subcondition-AS, (iv) subcondition-B2, (v) condition-C
or (vi) condition-D, the procedure highlighted in this work
can be used to circumvent the corresponding issue. The lim-
itations of deriving the modified SSC model using only
passive RLC circuits is shown in Fig. 9. As discussed
previously, a transfer function is fully realizable using passive
RLC elements when subcondition Al, A4 or B1 is satis-
fied. That is, analysis of the pole-residue terms should yield
positive values of the passive RLC elements. For example,
an AlGaN/GaN MOS-HEMT investigated separately showed
optimum transfer functions that are fully realizable using pas-
sive RLC elements up to 2" order (N=2). Beyond N=3, the
transfer functions yielded pole-residue terms not realizable
using passive RLC elements. However, those terms can be
represented using active current source resulting in a lower
error percentage, as observed in Fig. 9. Therefore, the pro-
cedure highlighted in this work is highly robust in nature, it
can be used to derive a highly accurate SSC model of an FET
from the experimentally measured S- or Y-parameters of the
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device. Moreover, the SSC model of an FET is also required
to represent the physical phenomenon such as trapping and
self-heating effects. Since the model proposed in this work
considers the S-parameter data which inherently constitutes
such physical phenomena, there is no explicit necessity to
add RC network explicitly to model the thermal or trapping
effect as done in literature [25].

VI. CONCLUSION

In conclusion, this work highlights a robust and accurate
small signal circuit models for AlGaN/GaN high elec-
tron mobility transistor (HEMT) operating at broadband
frequency range from 500 MHz to 50 GHz. The proposed
models are derived following a systematic and formal pro-
cedure that can capture the higher order poles observed in
the experimentally measured Y-parameters of the device.
A 3 order transfer function representation of the individ-
ual admittance branches of the AlGaN/GaN HEMT was
observed to best fit the experimentally Y-parameter of
the device. Thereafter, the individual admittance branches
are represented using passive resistive-inductive-capacitive
circuit elements or dependent current sources. The method-
ologies developed in this work provide a generic and standard
procedure to develop a robust and highly accurate small sig-
nal circuit model of any field effect transistor for mm-wave
frequency applications.

APPENDIX

The derivation of equation (2) from equation (1) is shown
here. Equation (1) correlates the experimentally measured
Y-parameters to the individual admittance branch of the
conventional SSC model of Fig. 1 (b), given as:

(Yn () Y12(S)>
Y21(s) Ya2(s)
Ygs(s) + Ygd(s)

= _mous) ez
I g i)

- gd(s)

Yea(s) Yas(s) + Yea(s) | AV

For deriving the modified equation of Y1, a two-port
network analysis of the conventional SSC model is per-
formed by setting the output voltage to zero (or V>=0),
as shown in Fig. Al (note that in Fig. Al, Vi=V=Vj,
and Vo=V4,=V,,;). When V,=0, the input voltage (V1) also
appears across the Y,y admittance branch (consisting of Cgy
and Rgg) as the drain and source terminals of the transistor
are short circuited, which gives Iy = Yy4V1 (for Vo = 0).

For the conventional SSC model of Fig. 1 (b), the current
source (Ij5) depends on the voltage (v) appearing across
the capacitor Cgg such that Iy, = gmve 7T However, for
deriving the modified equation of Y51, Iy is considered to be
dependent on input voltage V| which yields Iz, = g, Vie et
Now, by applying Kirchhoff’s Current Law (KCL) at the
drain terminal (V,=0) and substituting the equation of I

and I, the value of I, is derived as:
Iy=h+ 1Ll =1i— L L =gnVie 7" — YoqV1 (A2)
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FIGURE Al. Methodology for deriving the modified expression of Y,; by
considering V5 = 0.

Now, the equation of Y,; for any two port network is given
by: Y71 = ‘1,—21|V2:0 [26]. By substituting equation (A2) into
the equation of Y>1, the modified equation of Y»; is derived
as: Yo = gme /T - Yoq. Therefore, equation (Al) can be
re-written as:

<Y11(s) Y12(5)> _ < Yg5(§)+Ygd(s) - gd(s) )
Y21(s) Ya2(s) gme ™" — Yoa(s) Yas(s) + Yga(s)
(A3)

Equation (A3) is represented as equation (2) in Section-II
of this paper.
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