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Abstract— Current conveyors can be used as building blocks 
for implementing non-Foster circuits such as negative capacitors 
and negative inductors that are useful in extending bandwidth in 
metamaterials. In the present paper, measured results are 
presented for a prototype integrated circuit current conveyor 
negative capacitor. This circuit has been fabricated in a 0.5 
micron CMOS process following previous results. Although 
CMOS is a desirable technology for circuit implementation, it is 
accompanied by design challenges of associated parasitic 
resistance. To investigate these issues, a prototype second 
generation current conveyor (CCII) is designed and tested in a 
negative capacitance circuit. In addition, full-wave 
electromagnetic simulation results are also presented showing the 
effects of observed resistance on overall metamaterial 
performance. 

Keywords— negative capacitance; metamaterials; CMOS; non-
Foster; second generation current conveyor (CCII+). 

I. INTRODUCTION  
There has been an impressive advancement in the 

architecture of current conveyors since their introduction in 
1968, followed by the reformulation by Sedra and Smith in 
1970 [1], [2]. Current conveyors can be used to implement 
active filter designs, instrumentation applications and signal 
processing applications [3]-[7]. Furthermore, current conveyors 
can also be used to implement non-Foster circuits in 
metamaterial applications to partially overcome the limitations 
on bandwidth and gain characteristics [8].  

The reactance or susceptance of typical circuit elements, 
such as inductors and capacitors monotonically increases with 
frequency. On the other hand, non-Foster circuits can violate 
this principle. Although non-Foster elements have long been 
present in the literature, their applications remain limited. This 
may be, in part, due to the fact that CMOS implementations of 
non-Foster elements can suffer from unwanted parasitic 
resistance [9] – [11]. Therefore, the present paper considers the 
design of a second generation current conveyor in a 0.5 micron 
CMOS process specifically for use in wideband metamaterial 
applications. Furthermore, the effect of such parasitic 
resistance on metamaterial structures is investigated.  

The proposed circuit has been fabricated in 0.5 micron 
CMOS and tested, following earlier designs in [12]. Among the 
different type of current conveyors available, they are mainly 

classified into three generations. This paper focuses on a 
second generation current conveyor (CCII), which belongs to 
the emerging class of high performance analog circuit design 
based on current-mode approach making it ideal for designing 
analog circuits that can be integrated on a single chip[13]-[16].  

In the following sections, the detailed design of a second-
generation CMOS current conveyor is described and its 
attribute of impedance inversion is analyzed. The subsequent 
section show the simulation results. The following section 
considers the effect of parasitic resistance of a non-ideal 
negative capacitor on metamaterial structures. Finally 
measured results of a negative capacitance circuit are 
presented. 

II. CIRCUIT ANALYSIS 
The second generation current conveyor (CCII) measured 

in this paper follows earlier design considerations from [12]. 
Typically a CCII is a three-port device as shown in the box 
inset of Fig. 1, with a high impedance input port to avoid 
loading effects. The matrix equivalent of the second 

 

 
 
Fig. 1. Detailed schematic of a negative impedance converter. The 
second generation current conveyor circuit (CCII+) is shown in inset box. 
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generation current conveyor is given as: 
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where the subscripts x, y and z, refer to the voltages and 
currents at terminals labelled X, Y and Z in the box inset of 
Fig. 1. Ideally, there is no current flow into the Y terminal. As 
a result, terminal Y exhibits infinite input impedance. Also, the 
voltage at terminal X equals the voltage applied to terminal Y, 
and the terminal X exhibits zero input impedance. The ± sign 
sets the flow of current between the X and Z terminals in same 
or opposite direction respectively. As shown in the negative 
impedance converter of Fig.1, both the Z and Y terminals are 
connected together, and this point also serves as the input of 
the complete negative impedance converter circuit with 
respect to ground. In literature, CCII is available in both 
positive and negative versions, which is defined by the sign of 
the current iz in Fig. 1. In this paper, a positive current 

conveyor (CCII+) device is used.  

 In Fig.1, ZIN is the input impedance and ZL is the load 
impedance of the circuit. The transistors M1 and M4 are the 
current sources set by Bias1 and Bias2.  

From Fig. 1, the voltage on the node at terminal X is,  

௫ݒ   ൌ െ݅௫ܼ� ,             (2) 

and from (1) it can be noted that, vx = vy , and  iz = ix, then 
equation (2) becomes  

௬ݒ   ൌ െ݅௭ܼ� .             (3) 

At the input terminal, Y, the input voltage is vin = vy.  

When KCL is applied at terminal Y, it yields iin = iy + iz, but 
according to (1), iy = 0. Therefore iin = iz, and (3) becomes    

ݒ   ൌ െܼ݅ ,             (4) 

and therefore the input impedance Zin is  

ܼ ൌ 


ൌ െܼ .             (5) 

III. SIMULATION RESULTS 
The circuit in Fig. 1 shows the basic schematic of the 

CMOS implementation of the negative impedance converter. 
Fig. 2 shows the simulation results for input impedance Zin of 
the circuit in Fig. 1 when simulated with a 1.3 pF load ZL, 
where the real part of Zin is shown in solid blue and the 
imaginary part of Zin shown in dotted red. In this all pMOS 
transistors are 100u0.5 microns and all nMOS transistors are 
50u0.5 microns. As shown in Fig. 2, the dotted red imaginary 
part of the impedance curve follows an inverted positive 
capacitance profile, resulting in a negative capacitor.    

 
 
Fig. 2. Simulation results showing input impedance Zin with real part 
(solid blue) and imaginary part (dotted red) for a 1.3 pF load capacitor ZL 
for the circuit in Fig. 1.   

 
Fig. 3. Simulation results showing input capacitance observed at Zin for a 
load capacitor ZL of 1.3 pF for the circuit in Fig. 1 (computed capacitance 
values above the resonance near 400 MHz are anomalous due to zero 
crossing of Im(Z) ). 

 
 
Fig. 4. Electric disk resonator (EDR) metamaterial sample used in 
simulation.  The diameter of the disks is 48mm.  The height of the center 
post is 105mm, and its radius is 2.25mm.  The EDR is loaded via a gap in 
the post, located just under the upper disk.  The EDR was simulated in a 
rectangular waveguide where the upper and lower plates were defined as 
PEC and positioned 150mm apart, and the side plates were defined as 
PMC and positioned 120mm apart.   



The resulting negative capacitance at the input of Fig. 1 is 
shown in Fig. 3, where the observed negative capacitance is -
700 fF at low frequency. It must be noted that, this circuit 
works as a negative capacitor up to 400 MHz and any values 
after 400 MHz are anomalous due to zero crossing of the 
imaginary part of the input impedance in Fig. 2.  

IV. EFFECTS ON METAMATERIALS 
As noted earlier, one of the target applications for these 

negative capacitors is wideband metamaterials [17]. As shown 
above, the forgoing designs exhibit parasitic resistance in 
addition to the desired negative capacitance. Therefore, it is 
also useful to investigate the effect of such parasitic resistance 
on the overall metamaterial performance. Following the results 
above, the EDR (Electric Disk Resonator) metamaterial in Fig. 
4 is evaluated with a negative capacitor load to observe the 
effects of undesired parasitic resistance [17]. 

The structure in Fig. 4 requires a -4 pF capacitance for the 
desired metamaterial behavior. Therefore, Fig. 5 shows the 
predicted impedance for the circuit of Fig. 1 with a load of 4 
pF, where the real part of Zin is shown in solid blue and the 
imaginary part of Zin shown in dotted red. Note that, the 

imaginary part of the impedance curve in Fig. 5 follows an 
inverted positive capacitance profile, indicating negative 
capacitance. The resulting negative capacitance value at the 
input of Fig. 1 for a load of 4 pF is shown in Fig. 6, where the 
observed negative capacitance is approximately -4 pF. 

As illustrated in Figs. 5 and 6, the capacitor has a value of 
approximately -4 pF, and an associated series resistance of 
approximately -290 ȍ over the range from 50 MHz to 200 
MHz. This can affect the application to metamaterial structures 
like that shown in Fig. 4. Therefore, the response of this 
metamaterial was simulated in HFSS for both the ideal 
capacitor with a nominal value of -4 pF and no series 
resistance, and for the non-ideal capacitor with a nominal value 
of -4 pF and a series resistance of -290 ȍ.  

The EDR was simulated first for the ideal case, with no 
series resistance. Fig. 7 shows the extracted values for Re{ȝ}, 
Im{ȝ}, Re{İ}, and Im{İ}, over the frequency range 10 MHz to 
300 MHz [18].  The EDR was next simulated for the non-ideal 
case, including -290 ȍ of series resistance. Fig. 8 shows the 
extracted values for Re{ȝ}, Im{ȝ}, Re{İ}, and Im{İ} for this 
case.  Thus, it can be seen that the series resistance adversely 

 
Fig. 6. Simulation results showing input capacitance observed at Zin for a 
load capacitor ZL of 4 pF for the circuit in Fig. 1 (computed capacitance 
values above the resonance near 300 MHz are anomalous due to zero 
crossing of Im(Z) ). 

 
Fig. 5. Simulation results showing input impedance Zin with real part 
(solid blue) and imaginary part (dotted red) for a 4 pF load capacitor ZL 
for the circuit in Fig. 1 

 
 
Fig. 7. Extracted values for Re{ȝ}, Im{ ȝ}, Re{İ}, and Im{İ} in the ideal 
case, over the frequency range 10 MHz-300 MHz .  

 
 
Fig. 8. Extracted values for Re{ȝ}, Im{ ȝ}, Re{İ}, and Im{İ} in the non-
ideal case, over the frequency range 10 MHz-300 MHz.   

 



affected the performance of the metamaterial. Nevertheless, 
negative permittivity is still observed over parts of the 
frequency spectrum.  

In the case including -290 ȍ, it can be observed that Re{İ} 
| Im{İ} over a large portion of the spectrum, suggesting a gain 
medium with associated propagation constant [19].  

ߛ ൌ ߙ  ߚ� ൌ �݆߱ඥߤሺߝᇱ െ ᇱᇱሻߝ݆ ൌ ݆߱ඥߝߤᇱ݁ିగȀସ  .       (6) 

V. MEASURED RESULTS 
The layout of the current conveyor in Fig. 1 is presented in 

Fig. 9, which has been fabricated in a 0.5 micron CMOS 
process. For this design, all pMOS transistors are 100u0.5 
microns and all nMOS transistors are 50u0.5 microns. The 
fabricated circuit was measured using a vector network 
analyzer from 10 MHz to 500 MHz and the measured results 
are shown in Fig. 11 and Fig. 12 respectively. The measured 
results show a negative capacitance of –0.65 pF for an on-chip 
load of 1.3 pF.  

VI. CONCLUSION 
A simple second generation negative impedance convertor 

is implemented using a current conveyor circuit, which has 
been analyzed, simulated and measured in a 0.5 micron CMOS 
process. The measured negative capacitor values compared 
favorably with what was expected from the analysis and 
simulation, despite the fact that a negative parasitic resistance 
is observed on the input as expected. The effect of this parasitic 
negative resistance in addition to the desired negative 
capacitance on the overall wideband metamaterial structure 
(Electric Disk Resonator) was also studied and the simulation 
results were presented. It was found that while negative 
permittivity could still be achieved in the presence of parasitic 
negative resistance, there was an adverse effect on the 
bandwidth and performance of the overall structure.   
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Fig. 9. Detailed layout of second generation current conveyor (CCII+) 
circuit in 0.5 micron CMOS design process.  

 
Fig. 10. Current conveyor circuit on-chip fabricated in a 0.5 micron 
CMOS process.  

 
Fig. 11. Measured results showing input impedance Zin with real part 
(solid blue) and imaginary part (dotted red) for a 1.3 pF load capacitor ZL 
for the circuit in Fig. 1. 

 
Fig. 12. Measured results showing input capacitance observed at Zin for a 
load capacitor ZL of 1.3 pF for the circuit in Fig. 1. 



REFERENCES 
[1].  K. C. Smith and A. Sedra, “The current conveyor - A new circuit 

building block,” Proceedings of the IEEE, vol. 56, no.8, pp. 1368- 1369, 
Aug. 1968. 

[2].  A. Sedra and K. C. Smith, “A second generation current conveyor and 
its applications,” IEEE Trans. on Circuit Theory, vol.17, no.1, pp. 132-
134, Feb. 1970. 

[3].  A. Sedra and K. C. Smith, “Design of computer controllable 
instrumentation,” 6th Nstl. Conf. of the Computer Sot. of Canada, June 
1968. 

[4].  K. C. Smith and A. Sedra. “A new simple wide-band current measuring 
device,” IEEE Trans. Instrumentation and Measurement, vol. IM-18, 
pp. 126-128. June 1969. 

[5].  D. C. Wadsworth, “Accurate Current Conveyor Integrated Circuit,” 
Electronics Letters, vol. 25, pp. 873-874, June 1989. 

[6].  C. Toumazou, F. Lidgey, and D. Haigh, Analogue IC Design: The 
Current-Mode Approach: IEEE Press, 1990. 

[7].  B. Wilson, “Trends in current conveyor and current-mode amplifier 
design,” International Journal of Electronics, vol. 73, pp. 573-583, 
September 1992. 

[8].  Mirko Barbuto, Alessio Monti, Filiberto Bilotti, and Alessandro 
Toscano, “Design of a Non-Foster Actively Loaded Metamaterial-
Inspired Antenna,” IEEE International Symposium Antenas and 
Propagation (APSURSI), pp. 1-2, July 2012. 

[9].  S. D. Stearns, “Non-Foster circuits and stability theory,” IEEE 
International Symposium Antenas and Propagation (APSURSI),  pp. 
1942-1945, Jul. 2011. 

[10].  R.M. Foster, “A Reactance Theorem,” Bell Syst. Tech. Journal, vol. 3, 
no. 2, pp. 259-267, April 1924. 

[11].  S.D. Stearns, “Counterintuitive Aspects of Non-Foster Networks,” 
presentation slides, Adelphi Antenna Workshop on Electrically Small 
Antennas, Clarksville, MD, July 8-9, 2010. 

[12].  Varun S. Kshatri, John M. C. Covington III, Joshua W. Shehan, Thomas 
P. Weldon, Ryan S. Adams, “Comparison of CMOS Current Conveyor 
Circuits for Non-Foster Applications,”  IEEE SoutheastCon 2013 
Proceedings, pp. 1-4, Jacksonville, FL, April 2013. 

[13].  J. Popovic, A. Pavasovic, and D. Vasiljevic, “Low-power High 
Bandwidth CMOS Current Conveyor,” PROC 21st International 
Conference on Microelectronics (MIEL’97), vol. 2, Yugoslavia, Sep. 
1997. 

[14].  C. Galanis and I. Haritantis, “An improved current mode 
instrumentation amplifier,” Proceedings of the third IEEE international 
conference on Electronics, Circuits and System, vol. 1, pp. 65-68, Oct. 
1996. 

[15].  W. Surakampontorn, V.  Riewruja, K. Kumwachara and K. Dejhan, 
“Accurate CMOS-based current conveyors,” IEEE Trans. Instvum. 
Meas., vol. 40, no. 4, pp. 699-702, Aug. 1991. 

[16].  A. S. Sedra, G.W. Roberts and F. Gohh, “The current conveyor: history, 
progress and new results,” IEE Proc. of ISCAS 1990, Vol. 137, pp 78-
87. 

[17].  T. P. Weldon, K. Miehle, R. S. Adams and K. Daneshvar, "A wideband 
microwave double-negative metamaterial with non- Foster loading," 
2012 Proceedings of IEEE SoutheastCon, pp. 1-5, 15-18, Mar. 2012. 

[18].  R. Ziolkowski, “Design, fabrication, and testing of double negative 
metamaterials,” IEEE Trans. Antennas Propag., vol. 51, no. 7, pp.1516-
1529, Jul. 2003. 

[19].  D. M. Pozar, Microwave Engineering, 4th ed. USA: John Wiley and 
Sons, Inc., 1998. 

 


