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Nonlinear modeling, time-domain analysis
and simulation of non-Foster elements

HAMED KHOSHNIYAT, ABDOLALI ABDIPOUR AND GHOLAMREZA MORADI

In this paper, the structure of a common field-effect transistor (FET)-based negative impedance converter (NIC) that behaves
as a negative capacitor is presented. The nonlinear modeling, analysis, and simulation of this non-Foster structure are
presented in the time domain and the transient response of the circuit can be used to study the stability of the circuit. For
the analysis of the circuit performance, the linear time-dependent modeling approach is used. This method is based on
determination of the circuit parameters at each step according to parameters of the previous steps, bias voltages, and the
input signal. Results of the proposed method for analysis of non-Foster circuit are compared with those of nonlinear analysis
using commercial software, which shows a good agreement together and the proposed method is validated. Based on the
analysis, the nonlinear capacitance of non-Foster circuit is extracted and based on the simple second order model of
current source of FET, the analytic model of negative capacitor is extracted and improved by curve fitting. The proposed
model results have a good agreement with simulation results of NIC’s circuit.
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. INTRODUCTION

According to Foster theory, reactance of passive and lossless
single-port network increases with frequency and this was
first proved by Foster in 1924 [1]. If the reactance or suscep-
tance of an element decreases with frequency, this circuit
represents non-Foster element and behaves as negative cap-
acitor or inductor. The concept of non-Foster circuit is not
new at all. It is based on the concept of negative impedance
converter (NIC) that was proposed in the 1950s by Linvill [2].

Non-Foster circuits are widely used to improve the per-
formance and bandwidth of various circuits. The applications
include matching of electrically small antenna [3], active
dispersion-less metamaterial [4], increasing the tuning range
of a varactor diode by using a negative capacitance [5] and en-
hancement of gain of distributed amplifiers with negative cap-
acitance [6]. The stability of non-Foster circuits has been
mentioned as the greatest practical problem [7]. These circuits
are based on positive feedback structure and this may cause
system instability due to the change of operating point or
other parameters of circuits. For this reason, modeling and
analysis of non-Foster circuits and their stability have a
great importance. Investigation of non-Foster circuits’ stabil-
ity is generally performed on the basis of small-signal and
linear model that may not be appropriate in all cases [7-11].
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Modeling and nonlinear analysis of circuit in the time
domain are used for achieving transient response of the
circuit that investigates the stability and the actual behavior
of the circuit while other analysis approaches like harmonic
balance (HB) are only used to analyze the steady state response
of circuit, which for the instability condition the response never
tends to it. In this paper, modeling and analysis of nonlinear
non-Foster elements in the time domain are investigated and
the results are compared and evaluated with the commercial
software, which shows a good compatibility.

II. NON-FOSTER STRUCTURE

The structure of a NIC used to create the negative capacitance,
is shown in Fig. 1 [5].

By considering the linear and small-signal model of transis-
tors, the equivalent circuit of NIC circuit is obtained as shown
in Fig. 2. The equivalent negative capacitance (C,) based on
the heart of the transistor (g,,), ignoring the effects of the para-
sitic elements (r, and Cg) is expressed as [5]:

Co = —guL. (1)
In literatures and recent papers [7-11], analysis of non-Foster
circuits and their stability are generally based on linear model,
while with increasing the signal level and time-varying operat-
ing point, the linear model is invalid and the stability analysis
may be void, hence the necessity of nonlinear analysis of
non-Foster circuits and their stability based on time domain
transient behavior of the circuit, are felt. These are argued in
the rest of the paper.
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Fig. 1. The structure of NIC creating a negative capacitance.

. NONLINEAR MODELING OF
NON-FOSTER CIRCUITS

The first step in analysis of a structure, is modeling of its ele-
ments. Here, the introduced negative capacitance converter
includes two field-effect transistors (FETs) and one induct-
ance (L). The famous nonlinear models such as Curtice2,
Curtice3, Statz, TOM, Tajima, Advanced Curtice Model, etc.
are used to model the performance of FETs based on the
various parameters. In this paper, based on Curtice2 model
and considering the heart of transistor i.e. nonlinear current
source, the behavior of the circuit will be discussed. In the
Curtice2 model, the nonlinear current source (I;) is described
according to voltages of the transistor (2), knowing that if the
Vs is smaller than Vo, then the current source is zero [12].

Ids(VgSa Vds) = ,B(Vgs - VT0)2(1 + AVy) tanh(aVy).  (2)
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Fig. 2. Equivalent impedance of the negative capacitor converter.
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Simple Large-Signal Model of
Negative Capacitor Converter
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Fig. 3. Large-signal model of NIC with placing the capacitor C to stabilize
performance of circuit.

Mutual conductance (g,,) and output conductance (g) are
obtained in the following expressions [12].

BIdS 2
m = =1 /s )
b= v (Vgs VTo) )
g 2
g = gy = B(Vg — Vo)~ Atanh(aV)
N o
Vs — Vo AWl ————)-

+ B(Ves — Vo)™ (1 4+ AVy )<cosh2(ans)) (4)

In these equations ¢, 3, and A are fixed parameters of the
model and V7, is the pinch-off voltage of transistor. The term
(Vgs — Viro)* describes I with respect to Vg as a quadratic
polynomial and this is why this model is called Curtice2 [12].

The large-signal model of the NIC, as shown in Fig. 3, is
obtained based on simple large-signal model of FETs. Other
parasitic elements such as capacitors are ignored. The time-
domain analysis is used to analyze the nonlinear performance
of NIC.

The capacitor C is added in the input of NIC, to prevent
instability of circuit. The time constant of equivalent resis-
tor—capacitor (RC) circuit is calculated as:

7=R(C+ (). (5)

The positive value of the time constant and the total capaci-
tor of circuit is the necessary condition of stability of circuit.

To analyze the circuit based on Fig. 3, the state variables in-
cluding the inductor current (I;) and the capacitor voltage
(V,) are achieved based on the circuit relations (6-8).

dI;
V,=L—, 6
T (6)
I = —In(V,, V), (7)
dav. V.-V,
C—+— 4 Iu(V,, Vi) =o. 8
7 + R, + Ini( )=o0 (8)
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By considering these relations and analyzing the circuit, the
behavior of NIC is modeled as a negative nonlinear capacitor
that is determined according to the voltage applied to it.

V. NONLINEAR ANALYSIS OF
NEGATIVE CAPACITANCE
CONVERTERIN THE TIME DOMAIN

In this section we focus on nonlinear analysis of NIC in time
domain based on the obtained relations and nonlinear model
of FETs. The behavior of negative capacitance and stability of
circuit would be examined from the transient response.

In the time-domain analysis, based on the relations of cir-
cuits and dividing the total analysis time to At steps, according
to the maximum existing frequency, the parameters of circuit
(V,, V,,, I, and I) are obtained in each step from parameters
of current and previous steps. In the proposed method, it is
assumed that the differences of parameters in each step are
small. The parameters in the current step are achieved from
their previous values that are mentioned in the relations (9-13).

(i) = (i — 1A, (9)

Vi = Vi_l + Av,, (10)

Vi=VIt 4 Ay, (11)
I =I7" + Ai,, (12)
I = I + Aij. (13)

Nonlinear current source values i.e. Iy;, and In;, are
obtained at every step from the applied voltages V, and V,
and bias voltages Vs and Vpg from (14, 15).

Ly, = Int (Vgs + Vi, Vps + V)

=In(Vas+ Vi +Av,, Vps + Vi + Avy), (14)
Ly, = Int (Vas + Vi, Vips + V1)
=Int (Vs + VU + Avy, Vps + VL + Avy). (15)

Assuming small variations of V, and V, (Av, and Av,) in
each step, the Taylor expansion is used to obtain the nonlinear
current source relations (16, 17). G,, and G, are time-varying
parameters that are changed in each step.

ol
Iy, = Iy (Vos+ ViTh, Vps + ViTh) + a",VLA X
aINL i—1 i—1 i—1
+ WV Av, = I + Gt Av, + G YAy, (16)
ol
Ly, = In(Vas + V72, Vps + Vi) M Ay,
aV,
ol i—1 i—1
5y A = B+ G A + Gl (17)
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By using linear time-varying model of current sources and
the negative capacitor converter circuit equations, relations
(6-8) are re-written in inter-step (i — 1/2) between i, i — 1
and the equations for the time-domain analysis of circuit
are provided (18-20). The DC bias currents are supplied by
the feeding networks, which are not shown to prevent com-
plexity of network, but their effects are seen by subtracting
Ipc from current sources in drain nodes.

v, =1
T dt
Vi71/2 — Vi + Vhl V1 1y AVZ — Lﬁ7 (18)
2 2 2 At
Ai
Av, = 2LA—:— 2Vt
dv, V.-V,
C ——+ Iy (V,, V) — Ipc = o,
I + R, + I (V,, V) —Ipc =0
vi-vit Vi + Vi) = (Ve + V)
At 2R,
Iy (V.. V) = Ipc = o
cﬂ @V +Av) = (Vp+ VD
At 2R, M2 (19)
G’ YAy, /2 + G CAv, /2 —Ipc=o0
Av, @VIT'4Av)—(Vi+ Vi
-+ : £ Nt
At 2R, '
. Ai .
+ G (zLA—’tL = 2vg—1>/z
+ G 'Av, /2 — Ipc = o,
IL = _INL(Vla Vz)
i—1 A i—1/2 —
I +_+I (Vqu)_IDC—O
i—1 AIL i—1 i—1 i—1
I+ — 4 Iy, + G Avy /2 + G Avy /2 — Ipc = 0
i—1 AlL i—1 i—1
IL + 7 + INL?. + sz Avl/z
. Ai .
+ GQ§1<2L£ - ZVL_I)/Z —Inc = o. (20)

Using these relations, Av, and Ai; at each step are achieved
based on voltage, current and other time-varying parameters
in the previous steps, the corresponding matrix equations
are shown in (21, 22).

C L
R P GZl
At+2 +Ga’/> moAt [Avlj|
1 L Aip
G /2 St Gy’ A
2V — (Vi VI o
g & i—1 i—1y7i—1
Iy, — GV, —Ipc
I+ s — G Vi — Ine
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C 1 i1 ., L e
[Avl]__ aToR PO Gy
Aip | o L
' Glmzl/2 = + Gd2 Al’
2V = (Ve + Vi) e
Il 1 1—1y71—1 I
ZRg + NL1 Gml Vz DC (22)
Ii—l + IIl\]le Gz 1 x 1 _ IDC

V. ANALYSIS RESULTSIN THE
TIME DOMAIN

According to the proposed method for modeling negative cap-
acitance converter in the time domain as the linear time-
varying model, in this section we analyze the behavior of a
negative capacitance in the time domain and compare the
results with those of commercial software. They have good
agreement with each other and the proposed method is vali-
dated. Parameters of nonlinear model of FETs are shown in
Table 1. In this model, the parameters of the nonlinear
current source as the heart of transistor are considered and
other parasitic elements are ignored [13].

In Table 2, the values of parameters of circuit such as DC
bias voltages, inductor and capacitor are shown. The para-
meters of input signal are presented in Table 3.

The input signal (V) with 3 V peak voltage and other spe-
cifications as detailed in Table 3, is shown in Fig. 4.

Table 1. Parameters of curtice 2 model.

Parameter Value

B 0.0162 A/V*
o 13V !

A 0.001 V

Vro —2.35V

Vbi 0.85 A\

Other parasitic elements such as capacitors are ignored.

Table 2. Negative capacitance converter circuit parameters.

Parameter Value

VGS -1V

Vbs 5V

L 1 nH

C 8 pF

Re 50 ()
Table 3. Specifications of the input signal.

Parameter Value

Kind of signal Pulse-amplitude modulation

Carrier frequency 1 GHz
Vpeuk 3 \
Ldelay 10 ns
trise 10 ns
tfall 10 ns
Pulse width 10 n§
Period 50 ns
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Fig. 4. The input signal, the modulated pulse with 1 GHz carrier frequency
and 3 V peak voltage.
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Fig. 5. The voltage at the input of negative capacitance converter (V,) that is
analyzed by the proposed method and commercial software.

The results of circuit analysis with linear time-varying model
are shown in Figs 5 and 6, which are compared with the results of
commercial software that have a good agreement with each
other and the proposed method is validated. These results are
voltage and current at the input of negative capacitance converter
(V, and 1,), that the nonlinearity can be seen well in them, espe-
cially in I,, due to the large amplitude of the input signal.

By validating the linear time-varying model for analysis of
non-Foster capacitors, the proposed approach is used in mod-
eling and extraction of the negative capacitor.

Proposed method Commercial software

0.03 il g t
I
0.02}+
_ oo
b
0.
~0.01
—0.02 y . ;
0 20 40 60 80 100
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Fig. 6. The current at the input of negative capacitance converter (I,) that is
analyzed by the proposed method and commercial software.
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Fig. 8. Large-signal model of NIC with simple second order nonlinear model
of FETs.
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0 L
By applying circuit relations, based on Kirchhoff’s current
56 law and Kirchhoff’s voltage law, and considering second order
T representation of I, the I, is obtained by (28). Assuming a
__ capacitive behavior of NIC (28), the nonlinear model of nega-
-0.02 . : . - - tive capacitor is achieved as (30).
=15 -1 —0.5 0 0.5 1 1.5
V (V
1 A I = _(g1V1 —|—g2vf), (26)
(b)
Fig. 7. Lissajous curve (x = V,(t) and y = I,()) of the negative capacitance dI dv
converter, (a) input signal with the 1 mV peak voltage, (b) input signal with —L “iL — L “h
the 3 V peak voltage. V2 dt (& +28.71) dt’ (27)
Lissajous curve (x = V,(¢) and y = I,(¢)) is shown in Fig. 7
that is obtained by eliminating the time as the independent vari- dv,
; . I =(@v,+&v)) = —Lg,(g +28v,)——
able. The outer rings of the curve, which were repeated several ! 122, 161 2
times, are the steady state response of pulses while the central 2
. L . dv,
parts of ring belong to the rise time and fall time of the pulse. + L2g,(g + 4g.8.V1 + 4g22Vf)( ) , (28)
The direction of curve as a function of time is counter-clockwise dt

that represent the circuit function as a negative capacitance. In
Fig. 7(a), the curve for the 1 mV peak voltage plotted while
the peak voltage is 3 V in Fig. 7(b), and nonlinearity of circuit
is well evident with increasing the signal amplitude. I

VI. EXTRACTION OF NONLINEAR R
NEGATIVE CAPACITOR FOR

STABILITY STUDY ‘?_é ) '
oy

Linear Negative Capacitance

As shown in Fig. 8, the simple second order model of current -3 =
source of FETs is used in analysis of NIC. The current source
(Ids) is represented by: -4+

— 2 il L 1 1 L A

las = &vg + &V (23) 5 -1 0.5 0 0.5 I 15
v
_ 214 L
&= Vgs — Vo ’ (24) Fig. 9. The curve of negative capacitor C,(t) versus V,(t).
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Table 4. Parameters of nonlinear model of negative capacitor.

B,%X 10 ®and C, X 10” **

Parameter Analytic Formula Curve fitting
C, —Lg? —1.9360-1.9325
C, —2Lg.g —1.4344 —1.4338
C, - - —0.0017
C, - - —0.0005
C, - - 0.0007
Cs - - 0.0008
B, L*gg, 3.1557 3.1801
B, 4Ll%g. g7 4.6761 4.8176
B, 4L%g3 1.7323 1.6169
dv,\ (dv,
L=Clv,,— |{—), 2
, ( v I\ (29)
dv dv
C(vl, d_tl =Co+ Cvy + [Bo + Biv, + Bzvf]d—;. (30)

In this section, by using the results of the analysis based
on proposed method in time domain, the nonlinear negative
capacitor is extracted, according to voltage and other

40

30 F 1 3 Circuit

HhHHﬂ s

20 Hi ! fl } 1 'ﬁ |
e R RRRILTE
‘510-1111111'1111 '
= 111111““}&“:
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_1OJ*111}111|1H‘1[‘1IUU _

ERRRRERRE N
MEERRERE .

5 t (nsec) % 40

(a)
40 -
—— Circuit

30F Model o 1

20}
g
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—10f

s 4 -0.5 ; ?\r) o. 1 15

o)

Fig. 10. Simulation results of circuit and model of negative capacitance
(V, =3V, fo=1GHz), (a) I,(t), (b) I,(t) versus V,(t).
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parameters (31, 32).

_ dq(®)
C) = m’ (31)
t
q(t) =j i(t)dt. (32)

With certain considerations in numerical calculation such
as avoiding divide by zero (too small dv(¢)) and considering
the neighborhood (¢t — h, t + h), Ag, Av, and C,(t) are calcu-
lated according to equations (33-36).

Av(t) =V(t+h) — V(t—h), (33)
t+h
Ag(t) = J i(t)dt, (34)
t—h
_ Aq(n)
Cu(t) = INOR (35)
V() = [Vit+h) + V(t—h)] . (36)

2

By eliminating the time as the independent variable, the
curve of V(t) — C(t) is obtained, which is shown in Fig. 9,
like the curve of V-I, middle rings belong to rise and fall

I, (mA)

540 560 620 640

[ (mA)

Fig. 11. Simulation results of circuit and model of negative capacitance (V, =
1V, f. = 100 MHz), (a) L,(¢), (b) L,(¢) versus V,(t).
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Fig. 12. Simulation results of circuit and model of negative capacitance (V, =
10V, f. = 10 GHz), (a) I,(t), (b) I,(t) versus V,(t).

times of pulse while outer rings belong to the steady state re-
sponse of the circuit. In this figure, the nonlinear negative cap-
acitance in each ring, is a function of V,(¢) and its temporal
changes and at a distinctive ring for a certain voltage, the
upper part of C,(¢) belongs to upward change of V,(f) and
the downward part is related to decline of V,(t) with time.

NONLINEAR MODELING OF NON-FOSTER ELEMENTS

Table 5 Comparsion of the results of the HB and the transient analysis for
input signal with V,, =3 V and f. = 1 GHz.

Fourier transform of transient analysis

frequency 1 GHz 2GHz 3GHz 4GHz 5GHz
[Vieireuity (mV)] 1387.6 115.7 24.35 9.85 4.15
[Vitmodery (mV)] 1387.5 115.7 24.42 9.80 4.10
| L eircuiry (mA)| 17.91 11.86 3.704 1.992 1.048
|1y (modery (MA)| 17.91 11.86 3.716 1.981 1.033
HB analysis

Harmonic number 1% P 3™ 4™ 5th
[Vieireuiny (mV)] 1383.8 114.9 23.99 9.53 3.70
[Vitmodety (mV)] 1383.7 114.8 24.03 9.44 3.54
[y circuiry (MA)| 17.66 11.78 3.650  1.925 0.934
[T nodery (MA)| 17.65 11.77 3.635  1.907 0.892

According to the operation point of circuit and the relation
of negative capacitance in the linear regime, the corresponding
value is obtained (38).

Cu

gn = 44m/(},

= —&n

L = —1.93pF.

(37)

(38)

In the V-C diagram, at inner rings and for V,(¢) = o, the

negative capacitance is obtained equal to that of the linear
regime. While by increasing the amplitude of V,, the absolute
value of the negative capacitance increases.

Based on the analytic formula, the representation of nega-
tive capacitor with more parameters as degrees of freedom is

shown as:

dv,
C(vl, i) = Co+ Cuvy + GV + Cy¥? + Gyt

dt

50 T T T T T
—Vp=5V
40 —VP:SV
V. =1V
s0k P

Transiet-Circuit
O Transiet-Model
20 +  HB-Circuit

= *  HB-Model
=
E 10f
0 .

=10}F

-201

=30 -

-0.8 -0.6

v,(v)

+ Csv3 + B, + B,v, + B,v?]

dv,

dt -

(39)

Fig. 13. Simulation results of transient and HB analysis of circuit and proposed model of negative capacitance for various amplitudes of input signal (V, = 1, 3,

5V)at f, =5 GHz.
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By applying least square method (LSM) to curve fitting the
function (39), the parameters of model were obtained as
shown in Table 4, that have a good agreement with analytic
coefficients of model.

Based on simulation results (V, =3V, f.=1 GHz), the
C-V diagram is obtained and the coefficients of model are cal-
culated. In Fig. 10, the simulation results of NIC circuits and
negative capacitor model are compared and have a good
agreement.

In Fig. 11 (V, =1V, f,= 100 MHz) and Fig. 12 (V, =
10V, f. = 10 GHz), the results of model and circuit simula-
tion are compared in other frequencies to validate model
behavior.

For extra validation of proposed model, the HB analysis of
circuit and model are studied. The values of all harmonics are
compared with Fourier transform of steady state response of
transient analysis in each harmonic frequency. The results
are shown for (V, =3V, f. = 1 GHz) in Table 5.

By applying inverse Fourier transform, the time domain re-
sponse of circuit are calculated from HB results. These results
are compared with steady state response of sinusoidal input
signal in transient analysis. The V-I steady state cycles for si-
nusoidal input signal for transient and HB analysis are shown
in Fig. 13. The simulations are performed for diffrent ampli-
tudes of input signal in f. = 5 GHz. These results show very
good agreements with each other, that validated proposed
nonlinear model of negative capacitor.

The total capacitance and the time constant of the circuit
will be negative and the circuit becomes unstable if the capaci-
tor at the input of circuit is not large enough. By extraction
and modeling of negative capacitance in the nonlinear
regime and choosing suitable input capacitor and other para-
meters, the circuit stability can be obtained.

VIl. CONCLUSION

Nonlinear analysis of non-Foster structures can be an import-
ant step for applying them in circuits with high power level
such as power amplifiers and electrically small antennas in
the transmitting mode. The analysis in the time domain and
the transient response of the circuit helps us to study the sta-
bility of circuit and it can be analyzed by using the extracted
nonlinear negative capacitor. At the first step, a simple non-
linear model for the transistor was used to analyze these struc-
tures. Then by adding parasitic elements to the model, more
accurate analysis of the circuit will be presented.
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