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ABSTRACT A novel reconfigurable non-Foster capacitance (NFC) using negative group delay (NGD)
circuit is presented in this paper. The NGD circuit is based on a multi-order distributed amplifier which
is used to achieve both NGD performance and gain compensation. By introducing shunt and series varactors
next to trans-conductance transistors in the amplifier, the characteristic impedance, and electric length of
transmission lines in the distributed amplifier can be flexibly tuned. As a result, the gain, phase shift, and
negative group delay value of the proposed NGD circuit can be easily controlled as desired, and therefore,
the scattering parameters Sy can be adjusted to match with an ideal NFC, resulting in reconfigurable non-
Foster capacitance. The working frequency ranges, equivalent negative capacitance value, and connection
modes of the NFC be fully reconfigured by appropriately controlling the voltages applied to the varactors.
Both simulation and measurement results were given, which agree well with each other. The experimental
results show that the NFC value can be tuned from —1.1 to —2.5pF with 1 GHz center frequency and the

working frequency can be tuned from 0.7 to 0.8 GHz with —10 pF shunt NFC.

INDEX TERMS Reconfigurable non-Foster capacitance, negative group delay, non-Foster reactance.

I. INTRODUCTION

For the wideband signal, the transmission phase is distinct at
different frequencies, and this phenomenon is called group
delay. Group delay 7(w) is defined as the slope of the phase-
frequency curve, namely

A
dw

T (w) =

ey

where ¢(w) is the phase-frequency response. For the conven-
tional components, the group delay is usually positive but for
an NGD circuit, the group delay is negative.

The NGD concept was firstly investigated by Brillouin
in 1960s while observing wave propagation through differ-
ent media [1]. Since that, NGD circuits have gained much
attention and a series of NGD circuits have been investi-
gated [2]-[12]. The negative impedance converter was used
to implement reflective type NGD response for extending
the bandwidth of antenna in [13]; RLC series/shunt network
was proposed as an effective method to build NGD cell, and
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high order RLC cells were then applied to achieve NGD
performance in wider bandwidth with flat gain in [14]; The
coupled-line structure was applied to implement wideband
NGD response by using two reflection resistors in [15]; Cir-
cuits applying directional coupler with resistance loaded at
the direct and coupled ports can achieve NGD performance
without extra resonators in [16].

With these in-depth researches on NGD circuits, it has been
discovered that equivalent non-Foster (NF) reactive elements
can be achieved [17] by adjusting the gain and phase response
of an NGD circuit. The NF reactive elements have negative
values and should satisfy

dBNF 0XNF
Jw ow
where BNF is susceptance and Xnr is reactance. The NF reac-
tive elements don’t obey Foster’s reactance theorem, and thus,
they usually work as negative capacitance and inductance.

The circuit using NF reactive elements can break the
limitation of Bode-Fano law, which makes it widely used
in antenna’s impedance matching [18]-[24]. Typically, NF
reactive elements include the non-Foster capacitor (NFC)

<0 2)
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FIGURE 1. Schematic of the proposed reconfigurable Nth-order NFC circuit.

with negative capacitance and the non-Foster inductor with
negative inductance. Among these two types of NF reactive
elements, NFC circuits have been used in a variety of applica-
tions to improve system performance. For examples, in [25],
a varactor shunt with NFC has been proposed with wider tun-
ing range as compared to the traditional one; in [26], the NFC
helped the amplifier to achieve a wider bandwidth impedance
matching; in [27], the NFC can also improve the efficiency
of a class-E power; and in [28], an NFC was applied at
an electrostatic discharge (ESD) protection unit, making the
amplifier working in a wider band. Even though NFC has
been used in many aforementioned applications, it needs to
be noted that most of these NFCs were implemented by
using lumped components [29], which caused large parasitic
parameters at high frequency and limited its application.
Moreover, the obtained capacitance using lumped compo-
nents cannot be adjusted flexibly and only affords fixed work-
ing frequency and connection type. In [30] and [31], recon-
figurable NFC and matching network are implemented with
distributed amplifier structure, however, only the capacitance
value was tunable by that structure, restricting the circuit’s
application.

In this paper, a novel reconfigurable NFC structure has
been proposed based on the distributed NGD circuit. By load-
ing series and shunt varactors in the transmission sections,
reconfigurable transmission coefficients that are equivalent to
an ideal NFC circuit can be obtained. The resulted NFC can
be fully reconfigurable either simultaneously or separately in
terms of capacitance value, working frequency and connec-
tion types. Additionally, the extra NGD cells can be added to
extend the bandwidth.

Il. THE PRINCIPLE OF EQUIVALENT NON FOSTER

CAPACITANCE USING DISTRIBUTED NGD CIRCUIT

Fig. 1 shows the schematic of proposed reconfigurable NFC
circuit. It consists of an N™ order distributed amplifier with
varactors. Port 1 is served as the input port, while Port 2 is
the output port. Port3 and Port 4 are dummy ports and are
connected to 50 €2 terminals. The transmission sections from
Port 2 to 3 are symmetrical to the ones from Port 1 to 4 with
respect to the trans-conductance transistors in between. The
first NGD cell is composed by a transmission line 7L1, a shunt
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FIGURE 2. (a) Transmission section of the first NGD cell and (b) its
equivalent circuit. (c) Transmission section of the Kt NGD cell and (d) its
equivalent circuit.

varactor Cq; and a transconductance transistor g,,;. For the
K™ NGD cell (2< K < N), it consists of a transmission
line TLg, a series varactor Ck1, two shunt varactors Cg, with
same value and a transconductance g,,x. The last transmis-
sion section next Port 3 or Port 4 consists of a transmission
line TL; and a shunt varactor Cj;, which have same values
as in the first NGD cell. All transconductances have the same
value, namely, g,,1 = gmk = go. To achieve the equivalent
NFC, the order of the circuit should be greater than or equal
to 2.

The transmission section of the first NGD cell is shown
in Fig. 2(a), and it is constructed by a fixed-length transmis-
sion line section and a shunt varactor. By tuning the shunt
varactor, this transmission section can be equivalent to a
reconfigurable transmission line with effective characteristic
impedance Z.; and electric length 6,1, as shown in Fig. 2(b).
The [ABCD] matrix of the transmission section in the first
NGD cell can be calculated as

A B cos 601 jZysinb; 1 0
= 0
|:C D:| Adaid cos 0 |:ij11 1] 3

where Z; and 6, are characteristic impedance and phase of
TLi. S»>1 can be derivate from (3) as in (4), as shown at the
top of the next page,

92769



IEEE Access

T. Zhang, T. Yang: Novel Fully Reconfigurable Non Foster Capacitance Using Distributed Negative Group Delay Networks

S$o1 =

2

2cos) — ZiwCqy sin6y +j (% sin 0y + %—? sinfy + wC1Zy cos@l)

“

For the transmission line with characteristic impedance Z,
and phase 6,1 in Fig. 2(b), S2; can be calculated as

2

S21 = i Qi Zo L Zel
208 6,1 + jsin O, o + 7y

&)

Making (4) equal to (5) in both real and imaginary part, the
transmission section of the first NGD cell can be equivalent
to the transmission line in Fig. 2(b). The equivalent character-
istic impedance Z; and electric length 6.1 can be calculated
as,

1
6,1 = arccos <cos 01 — EZICUCII sin@l) (6)
X1Zo + X323 — 42}
Zel = > @)

where

(% + g—?) sinf; + wC11Zy cos b,

X1 = 8
! Sin 0,1 ®)
The existing conditions are
1
—1 < cosb; — Ezlwcu sinf; <1 ©)]
X2 —4>0 (10)

From (6) and (7), it can be easily found that the Z,; and
6.1 of the equivalent transmission line can be controlled and
tuned by Cj, resulting in a reconfigurable transmission line
section. Z1 is proportional to X7, The minimum value of Z;
is when X| = 2.

The transmission section of the K™ NGD cell 2< K <
N) in Fig. 2(c) can be also equivalent to a reconfigurable
transmission line with effective characteristic impedance Z.x
and effective electric length 6,k as given in Fig. 2(d). The
transfer matrix of the transmission sections in the K NGD
cell can be calculated as:

1
A B| |1 T 1 0
cC D|~ JOLKL | jwCks 1
0 1
cosfx  jZk sinfg 1 0
x | jsinfg .
cos Ok JjoCkgor 1
Zg

(1D

From (11), S»; of the transmission sections in the K th NGD
cell can be calculated as,

2

1= (12)
Xrex + jXmmk
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where
C
XrER = 2 (] + LZ) cos O
Ck1
1 ZxoCy,
+ | =—— —2ZxwCgy — ——== | sinfg
<ZK(UCK1 Ck1
(13)
Zk Ckr 25 2200\
X =— 14+ —+ — —Zjo“C sin 6,
IMK Z ( Cri Zk2 0 K2 k
+ 2ZywCxgo — cos 6 14
( owCk2 owZo> k (14

Similarly, S>; of the equivalent transmission line in
Fig. 2(d) can be obtained in the form of (5) with equivalent
characteristic impedance Z.x and phase 6,x. By comparing
(12) and (5), the equivalent relation between Fig.2(c) and (d)
can be calculated as,

1
6.k = arccos <§XREK) (15)
Zy . 1
Zek = 3 Xink / sin | arccos EXREK

+\/XI%VIK/ sin? |:arccos <%XREK)i| — 4} (16)

where Xpgx and Xjyx are given in (13) and (14). For (15) and
(16), the existing conditions are

—1

IA

1
EXREK <1 17

v

X,%‘,,K/sinz [arccos(%XREK)} —4>0 (18)
The minimum value of Z.x is achieved when (18) equals to 0.
For proof of concept, a numerical study has been taken based
on (6) (7) (15) and (16) to demonstrate the equivalent relation-
ship between the proposed NGD transmission sections and
its equivalent transmission lines. Fig. 3(a) and (b) shows the
comparison of real and imaginary part of S»1, respectively,
between the reconfigurable transmission sections in the first
NGD cell with different Cy and the corresponding equivalent
transmission lines. As can be observed, by varying Ci1, the
transmission sections in the first NGD cell can be recon-
figured to be transmission lines with different characteristic
impedance and electric length. Fig. 3(c) and (d) shows the
comparison of real and imaginary part of S»1, respectively,
between the reconfigurable transmission line sections in the
K™ NGD cell with different Cx; and Ck» and the corre-
sponding ideal transmission lines. Again, by varying Cg and
Ck>, the transmission sections in the K™ NGD cell can be
reconfigured to be different transmission lines with different
characteristic impedance and electric length.
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FIGURE 3. (a) Real part and (b) imaginary part of S,; of the transmission sections in the first NGD cell and its corresponding ideal
transmission lines; (c) Real part and (d) imaginary part of S,; of the transmission sections in the K" NGD cells and its corresponding

ideal transmission lines.

i Zeb 0e1 V4 ey 022 i
Portzi | | | | 1
| 8uo/\ o)\ |
i x x 3
T L s g
Portl § Zebael Ze2’0e2 i
(1" NGD unit |2"* NGD unit;

I

Z eNy aeN i
p. | |

I

—

Zeb 0e1

& }ﬂ)rtS

| . | . |

H }7% Port4
i ZeNyaeN 3 Zebael or
'N™ NGD _unit!

FIGURE 4. Equivalent NFC using reconfigurable lines.

From the theory above, the circuit in Fig. 1 can be equiva-
lent to the one given in Fig. 4. According to [32], the transfer
function of the proposed circuit in Fig. 4 can be calculated as

N K
Hygp(w) = Z Gk exp (—] Z 20)17)
k=1 i=1

where Gk and t; are the voltage gain and group delay of the
K™ NGD cell, and their values are related with Z,g, 6k and
trans-conductance g,,0[6]. If the proposed circuit in Fig. 4 can
be equivalent to a NFC circuit, the transfer function Hxgp(w)
needs to be equal to the transfer function of an ideal NFC as,

(20)

(19)

|Hyep (0 = wo)| = |S218FC (@0 = wp)]
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LHnGD (0 = wp) = LS21nFc (0 = wp)  (21)
0/H, (w)
— T T e = ke (@ = @) (22)

where |Soinpc| and ZS21NFc are the amplitude and phase of
S»1 of the desired NFC, respectively; Tngpc is the group delay
of the NFC. In this equivalent circuit, there are totally 2N -1
unknown parameters (Zei,Ze2,...ZeN) and (6ep, 6e3,...0eN)-
Note that 6] is not counted as an unknown parameter since
it is a function of Z.;, which can be calculated from (6)-(8)
by using Cij. Thus, it will generally require 2N-1 sets of
equations to solve all 2N-1 unknown parameters. Since there
are only three equations from (20) to (22), addition constrains
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FIGURE 5. The NFC with two connection styles (a) shunt NFC (b) series
NFC.

are needed to solve the unknown parameters for higher order
NFC circuit when N>3.

Therefore, auxiliary functions are added to solve the
unknown parameters and also ensure that the amplitude and
phase of transfer function is consistent with the NFC in a
wider bandwidth as,

"2 |HyGp(o)|
do"" w=awp
9" 821 nrc()]
Ba)n_2 w=Cc(
3/ Hyo (@)
9 wnfl

n=34...N (23)

w=w(
dLS)), l\}FC (w)

e n=34...N 24)
'

w=cq

where S21Npe(w) is the response function of the target NFC.
(23) and (24) provide two functions for two extra unknown
parameters. By this way, all unknown parameters in the equiv-
alent circuit can be solved. Once the unknown parameters are
obtained, the required circuit parameters in Fig. 1 can be cal-
culated from (6)-(8), (15) and (16), resulting a desired recon-
figurable NFC circuit. A 2" order NGD circuit is used as an
example to demonstrate the working flow. Firstly, the transfer
function of the proposed circuit needs to match with the ideal
NFC in phase shift, transfer gain and group delay as (20)-(22).
The phase shift, gain and group delay of the ideal negative
capacitance can be completely determined by the capacitance
value, connection style and working frequency.

Taking a shunt negative capacitance (—C) as an example,
its phase shift, transmission gain and group delay can be
calculated as [13],

2
S =|0— 25
[S218vFc (@) ‘ZowC—i—Zj' (25)
T
LS == —tan”! 26
21nFC (@) 5 ~tan (ZowC) (26)
—27ZyC

T = = 27
NFC (@) Z22C 1 4 (27)

From (20)-(22) and (25)-(27), the three unknown parame-
ters in the NGD circuit can be easily determined with three
sets of equations.

It should be noted that there are generally two types of
connection configuration for a given NFC, which are shunt
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—C and series —C, as shown in Fig. 5. The transmission
coefficient for a shunt —C is given in (25)-(27), while the
transmission coefficient and group delay for a series —C is
given as

Savrc(@)] = |222C (28)
)| = |——
21NFC ZZOCL)C +]
LS = —tan~! 2
21NFC () an <2Z0wC) (29)
—27yC
vFe(w) = (30)

4Z202C? + 1

As can be seen from (28) and (29), one can notice that the
transmission phase of shunt NFC is positive while the trans-
mission phase of series NFC is negative. Since the magnitude
of S»; for both shunt and series NFC is only determined by the
absolute capacitance value of the NFC, thus, if the transmis-
sion phase of the proposed NGD circuit can be shifted from
negative to positive, the connection types of the given NFC
can change from series to shunt, and vice versa.

Once the NGD circuit’s S-parameter can match with an
NFC, the capacitance value and Q factor can be calculated:

1

CNFshunt = ——— (€29)
et w - lmag(ZNFshunl)
where
ZoS21
Z = — 32
NFshunt B (1 — SZI) ( )
and
C = L (33)
Nseries = w - imag (ZNFseries)
where
1 — 8y
ZNerries=2ZO (34)
S21
The Q factor can be calculated by
_ imag (ZNFshunt) _ imag (ZNFseries) (35)
real (ZNFshunt) real (ZyFyeries)

Numeric study based on above theory is taken to demon-
strate the 2" order NGD circuit. The circuit parameters
used in simulation and the simulation results are shown
in Table 1 and Fig. 6, respectively.

Fig. 6(a) and (b) shows the amplitude and phase, respec-
tively, of S2; from an ideal NFC and the proposed NGD
circuits. As can be seen, Sz of the proposed NGD circuit
can be tuned to match S71(in terms of both amplitude and
phase) of the ideal NFC with fixed negative capacitance
value of —10 pF when the center frequency is changed.
This indicates that the proposed NGD circuit can be used as
an NFC having reconfigurable working frequency. In each
working state/frequency, the resultant NFC has a band-width
of 200MHz, and the working frequency can continuously
cover from 0.8 GHz to 1.2 GHz, corresponding to a tuning
range of 40%.
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FIGURE 6. Reconfigurable performance of NFC using NG\ D circuit. (a) Amplitude and (b) phase of S,; for the proposed NFC circuit at different
frequency tuning state. (c) Amplitude and (d) phase of S,; for the proposed NFC circuit at different NFC tuning state. (e) Amplitude and (f) phase of S,;
for the proposed NFC changing from shunt to series connection type. (g) Amplitude and (h) phase of S,; for a 2"d order and 34 order NFC circuit.
(Note that Ref. state indicates the initial state of the proposed NFC circuit, and State k (k = 1, 2, 3, 4, 5) indicates the different tuning states of the same

NFC circuit.).

TABLE 1. Equivalent NFC using NGD circuit.

Target NEC T?;f;;:jg;er C‘;E:;i;g’" Zu/6u Zoo/6er Zales Zn
Ref. State -10 pF 1 GHz shunt 50Q/59.7° 65.7€Q/88° N/A 31 mS
State 1 -10 pF 0.8 GHz shunt 48.4Q/76° 61.6Q2/104.5° N/A 40 mS
State 2 -10pF 1.2 GHz shunt 51.99/50.7° 71.5€/80.4° N/A 24 mS
State 3 -6 pF 1 GHz shunt 48.8Q/66° 61.7€/85.8° N/A 47 mS
State 4 -14 pF 1 GHz shunt 49.6Q/56.7° 65.802/88.6° N/A 23 mS
State 5 -2.5pF 1 GHz series 51Q/106° 64.2Q/89° N/A 62 mS
State 6 -10 pF 1 GHz shunt 48.1Q/53.2° 61.3Q/79.8° 59.3Q/72.6° 42.3 mS

Fig. 6(c) and (d) shows S»; of ideal NFC with three differ-
ent negative capacitance values and S»; of the proposed NFC
circuit. It can be found that the NGD circuit can be tuned
to match the amplitude and phase of S»; of the ideal NFC
with different negative capacitance value at given frequency
(1 GHz here), respectively. This indicates that the proposed
NGD circuit can be used as a NFC having reconfigurable
negative capacitance value, and the negative capacitance of
the proposed NFC circuit value covers from —14 pF to —6 pF.

Fig. 6(e) and (f) shows S of the ideal NFC in shunt and
series connections, and S of the proposed NFC circuit. It can
be observed that the NGD circuit can be tuned to match
the amplitude and phase of S»; of the ideal NFC in both
shunt and series connection styles. This indicates that the
proposed NFC circuit is reconfigurable between shunt and
series connections.

Fig. 6(g) and (h) shows amplitude and phase, respectively,
of S»1 with 22 order (Ref. state) and 3" order (State 6) NFC
circuits. As can be found, the bandwidth of the 3" order
NEC circuits is much wider than the 2% order NFC circuit,
indicating that the proposed NFC circuit can be increased by
increasing the NGD cell order.

VOLUME 7, 2019

Fig.7 shows the flow chart of the proposed design. For
higher order NFC design, the auxiliary derivative equations
can be calculated from (23) and (24), and the same working
flow can be used to design the required NFC circuits. The
flow chart is an illustration of the adjustable characteris-
tics. In practical design, once the reconfiguration ranges of
capacitance value, working frequency and connection mode
is determined, the representative central value is usually cho-
sen as the initial value to design transmission line, and then
the dynamic adjustment is realized by adjusting the variable
capacitor.

Ill. EXPERIMENTAL RESULTS

To validate the concept, four NFC circuits were fabricated and
measured, including a reconfigurable 2" order NFC circuit
in shunt connection mode, a reconfigurable 214 order NFC
circuit in series connection mode, a reconfigurable 2" order
NFC circuit having capability of shunt-to-series transforma-
tion, and a reconfigurable 31 order NFC circuit in shunt
connection mode. Commercial software ADS is applied in
the design.
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TABLE 2. Dimensions and varactors of fabricated circuits.

wy(mm)/  wy(mm)/  wi(mm)/  [;(mm)/ L(mm)/ L(mm)/ c C c c c
Zy(Q) Zx(Q) Z5(Q) 0,(°) 0:(°) 11 21 22 31 32
Cosum~ 0.58/50 0.58/50 N/A 21.5/67 34/105 SMV1234  SMVI234  SMV1233 N/A N/A
Coseries ~ 0.58/50 0.58/50 N/A 32.2/100 19.3/60 SMV1232 SMV1232 SMV1234 N/A N/A
Css 0.58/50 0.58/50 N/A 22.3/69 25.1/78 SMV1235 SMV1233 SMV1234 N/A N/A
Cssnum~ 0.58/50 0.58/50 0.58/50 16.5/51 26.7/83 26.5/82 SMV1233 SMV1233 SMV1235 SMV1234  SMV1234
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FIGURE 7. The flow chart of the proposed reconfigurable NFC design.

The fabricated circuits are shown in Fig. 8. All circuits are
fabricated using 25 mil substrates RO6030 and 2SC5761 tran-
sistors from Renesas. The dimension and parameters are
shown in Table 2, where wg and [k are the width and
length of the K™ order line, Cxj and Ckp (K =1,2,3) are
varactors. Direct current (DC) block capacitance value and
alternating current (AC) block inductance value are given
here for simplification. All transistors share the same bias
voltage Ve and Vg, ensuring the same gn, for every tran-
sistor. At transistor’s input port, 0.5 pF series capacitor and
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© ()
FIGURE 8. Photographs of the reconfigurable (a) 2" order shunt NFC,

(b) 2" order series NFC, (c) 2"d order NFC with shunt-to-series
transformation, and (d) 3'¢ order shunt NFC.

a network built by shunt 3.9 nH inductor and shunt 3 pF
capacitor was set to keep the circuit unconditional stable.
The control voltage and DC current for different working
conditions are shown in Table 3. The sizes of these four cir-
cuits are 54x29.7 mm?2, 63.4x33.7 mm?, 49.4x29.7 mm?,
67.7x29.7 mm?, respectively

A. RECONFIGURABLE 2" ORDER NFC CIRCUIT IN SHUNT
CONNECTION MODE

Fig. 9 shows the simulated and measured results of the recon-
figurable 2" order NFC circuit in shunt connection mode.
Simulation agrees well with the measurement. It can be seen
that the experimental result is close to the ideal NFC within
a 50 MHz bandwidth. By tuning the control voltages on
varactors, the center frequency of the NFC can be tuned from
700MHz to 800 MHz with a fixed negative capacitance value
of —10 pF, corresponding to a tuning range of 13% which
is smaller than the theoretical result in section II. This is
due to the limitation of tuning range of the chosen varactors.
The equivalent shunt NFCs calculated from S are shown in
Fig. 9(c). The capacitance value error is less than 0.5 pF in
the working bandwidth. The Q factor is larger than 20, as it is
shown in Fig. 9(d). The experimental results demonstrate that
by using the proposed NGD circuit, a high Q shunt NFC with
reconfigurable working frequency can be obtained. Note that
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TABLE 3. Voltages of NFC under different conditions.

a(Vy/ Vi (V)/ Va(V)/ V51(V)/ (V)
Ve(V Vee(V Ipc(mA
CupF)  Ca(F)  CopF)  Cu(F)  CulpF) »(V) V) JocmA)
-10pF 800MHz Cighunt 16.2/1.32 3/3.58 0.7/3.45 N/A N/A 0.78 1.8 4
-10pF 700MHz Cogpunt 0.1/9.63 2.7/3.8 0.2/4.7 N/A N/A 0.79 1.8
-1.1pF 1GHZ Cogerics 0.2/4 0.95/2.7 3.9/2.85 N/A N/A 0.85 1.8 13
-2.5pF 1GHZ Cogerics 5.2/1.02 1.4/2.31 1.9/4.8 N/A N/A 0.84 1.8 11
Shunt Cy 4.3/4.8 1.2/3.1 0.7/7.2 N/A N/A 0.82 1.8
Series Cy 2.6/7.2 22/2.3 0.8/7.3 N/A N/A 0.84 1.8 13
-10pF 800MHz Csghunt 11/0.88 0.4/4.08 4.7/4.3 3.4/3.2 2/4.68 0.77 1.8 2
-3.8pF 900MH2z Csghunt 17/0.83 0.76/3.5 18.7/2.35 5.2/2.23 3.9/2.88 0.79 1.8 6
3 120 4 0
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FIGURE 9. Experimental results of the reconfigurable 2nd order NFC
circuit in shunt connection mode. (a) magnitude characteristic of S,;;
(b) phase characteristic of S,;; (c) equivalent NF shunt capacitance
calculated out from measured S,;; (d) Q factors.

the equivalent NFC value can be also flexibly controlled as
will be demonstrated next section in series connection.

B. RECONFIGURABLE 2" ORDER NFC CIRCUIT IN SERIES
CONNECTION MODE

Fig. 10(a)(b) shows the simulated and measured results of
the reconfigurable 2" order NFC circuit in series connection
mode. Simulation agrees well with the measurement. It can
be seen that the measured S-parameter can be adjusted to
match with —1.1 pF and —2.5 pF at the fixed center frequency
1 GHz. The equivalent series NFCs which are calculated from
the S-parameter are shown in Fig. 10(c). It can be seen that
the capacitance error is less than 0.3 pF from 970 MHz to
1.02 GHz. The Q factors of different series capacitances are
shown in Fig. 10(d), which are larger than 10. These experi-
mental results demonstrate that the proposed NFC circuit can
be equivalent to a series NFC with reconfigurable negative
capacitive value. Note that the working frequency can be also
controlled as have been demonstrated in shunt connection
mode.

VOLUME 7, 2019

FIGURE 10. Experimental results of the reconfigurable 2"d order NFC
circuit in series connection mode. (a) magnitude characteristic of S,;;
(b) phase characteristic of S, ; (c) equivalent NF shunt capacitance
calculated out from measured S,;; (d) Q factors.

C. RECONFIGURABLE 2" ORDER NFC CIRCUIT WITH
SHUNT-TO-SERIES TRANSFORMATION

Fig. 11(a)(b) shows the simulation and measurement results
of the reconfigurable 2" order NFC circuit with shunt-to-
series transformation. It can be seen that the reconfigurable
transmission phase can cross 0° while keeping magnitude
constant from 680 MHz to 730 MHz, indicating a transfor-
mation from series —C of —10 pF to shunt —C of —1.3 pF.
Fig. 11(c) and (d) show the calculated NFCs and Q factors.
It can be seen that the error is less than 1 pF and Q is larger
than 10. It proves the capability of shunt-to-series connection
transformation for the proposed NFC circuit.

D. BANDWIDTH EXTENSION WITH A RECONFIGURABLE
3" ORDER NFC CIRCUIT IN SHUNT CONNECTION MODE
The above-mentioned NFC’s working bandwidth is narrow,
typically less than 50 MHz. To increase the band-width, a 3™
order shunt NFC is fabricated and measured by introducing
extra NGD cells.
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TABLE 4. Comparisons with Previous works.

Capacitance value | Center frequency Connection type Capacitance value Center Frequency
reconfigurable reconfigurable reconfigurable tuning range tuning range Q
Ref. [13] No No No Fixed -2.4 pF Fixed 1.2 GHz >8
Ref. [25] No No No Fixed -5 pF Fixed 2.5GHz N/A
Ref. [27] Yes No No -0.5 pF to -1pF Fixed 1.05GHz N/A
Ref. [33] No No No Fixed -2 pF Fixed 1.48GHz >10
-1.1pFto-2.5pF | 0.7GHz to 0.8GHz
This work Yes Yes Yes (Frequency is (Capacitance is fixed >10
fixed at 1 GHz) at 10 pF)

10 60 880 MHz, which is doubled as compared to the 2nd order
o seriesatopp s s N St 3pF: SenINFC NFC circuit given in Fig. 9. The center frequency of the
g 5 —=— Meas Rl T Mes proposed NFC can be tuned from 830 MHz to 940 MHz and
Z f 0 the negative capacitance value can be tuned from —3.8 pF to
% 07- %40 " Series -10pF —10 pF. Fig. 12(c) and (d) shows the calculated NFCs and
= Shunt -1.3pF £ 40 Q factor. It can be seen that the error is less than =1 pF and

e 0.7 08 0 s 07 08 0.9 Q is larger than 20.

Freq (GHz) Freq (GHz) Table IV gives the comparison with the previous works in
s ® 100 ®) literature. It can be seen that the proposed work has demon-
. M - a0 strated the most flexible tuning capabilities that can have
] reconfigurable NFC value, reconfigurable working frequency
g7 / A// o 1 and reconfigurable connection modes simultaneously. More-
; 10 / sories 0p8 401 Series -10pF over, the resultant NFC in this proposed work has highest
-15 204 Shunt -1.3pF Q Value.
=20 0 T .
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
Freq (GHz) Freq (GHz) IV. CONCLUSION
© ) In this paper, an N™ order distributed NGD circuit is stud-

FIGURE 11. Experimental results of the reconfigurable 2"d order NFC
circuit having capability of shunt-to-series transformation. (a) magnitude
characteristic of S, ; (b) phase characteristic of S,;; (c) equivalent NF
shunt capacitance calculated out from measured S,;; (d) Q factors.

15 140
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z z
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FIGURE 12. Experimental results of the reconfigurable 3'd order NFC
circuit in shunt connection mode. (a) magnitude characteristic of S,;;
(b) phase characteristic of S,;; (c) equivalent NF shunt capacitance
calculated out from measured S,;; (d) Q factors.

Fig. 12(a) and (b) shows the simulation and experiment
results of the 3" order NFC circuit. It can be seen that
the bandwidth is increased to 100 MHz from 780 MHz to
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ied to achieve a fully reconfigurable NFC. The adjustable
transmission sections applying varactors are firstly studied to
achieve the equivalent transmission lines with tunable char-
acteristic impedance and phase. Using this structure, the gain,
phase, and group delay response of the circuit can be consis-
tent with an ideal NFC in a certain bandwidth. The proposed
NGD circuit can accomplish the reconfigurable performance
in capacitance value, working frequency and connection style
at the same time or separately. Moreover, extra NGD cells
can help to extend the effective bandwidth. Experiments have
been given to verify the proposed theory.
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