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 The article suggests four circuit topologies for the practical simulation of grounded and 
floating lossy inductors.  All the suggested circuits use commercially available integrated 
circuit LT1228 chips as active elements, and only two passive elements, namely one resistor 
and one capacitor. The first two of the proposed circuits employ only a single LT1228 active 
element and can realize grounded lossy inductors without the need for element-matching 
conditions.  The last two of the proposed circuits can realize synthetic floating lossy 
inductors with only two LT1228s. The values of simulated equivalent elements can be tuned 
electronically by simply adjusting the external DC bias current of the LT1228.  Non-ideal 
transfer error effects of the LT1228 on the synthetic inductor performance are inspected. 
Sensitivity performance concerning transfer errors and active and passive elements is also 
demonstrated.  PSPICE simulation results and experimental measurements of the 
commercially available integrated circuit, LT1228, are incorporated to corroborate all our 
theoretical analyses.   
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1. Introduction  

An inductance simulator circuit is an advantageous element in 
active circuit design and synthesis, especially for analog signal 
processing solutions and applications such as active filter, analog 
phase shifter, chaotic oscillator, and parasitic cancellation 
circuitry. In the past, there are various publications on the 
implementation of actively simulated lossy inductance simulators 
based on several active elements [1-34].  The first ones are 
intended for grounded lossy inductance simulation [1-22], while 
the others are for floating ones [23, 34].  However, from a careful 
inspection of the reported circuit topologies in these references, 
they have one or more of the following disadvantage features:  

1. The use of a relatively large number of active and passive 
electronic components for their constructions [2, 4-6, 20-21, 
23-27, 30-32].  Although the circuits of [1, 7-19, 28-29, 33-
34] employ only a single active component, they still require 
at least three passive elements. Owing to the employment of 
an excessive number of circuit components, these designs are 

not suitable for an integrated circuit (IC) implementation point 
of view.  

2. The lack of electronic tuning facility [1–2, 4, 6-18, 20-21, 24-
31, 34].  

3. The need for strict component-matching conditions or 
cancellations for the grounded inductance function simulation 
[1, 6, 9]. 

4. The use of different types of active electronic devices [20, 23-
24, 32], which is inconvenient for further integrated circuit 
applications.  

5. The use of commercially unavailable ICs [1–3, 5-12, 15-17, 
19-24, 26, 28-30, 32-34]. Also, the active building blocks used 
in these publications are complicated active functional blocks. 
Accordingly, the verification of the proposed realization is 
mostly performed by only computer simulation results. 

 Recently, several attempts have been proved that LT1228 IC 
package has now become a versatile and standard commercial IC 
in the realization of various types of analog signal processing 
applications [35-37]. This article reports the four circuit topologies 
for simulating all grounded/floating lossy inductors employing 
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commercially available IC LT1228 chips as essential active 
components [38-39]. The first two circuit topologies ideally 
provide grounded lossy series and parallel inductors, while the 
other two topologies can emulate floating lossy series and parallel 
inductors.  All the realized inductors employ canonical active and 
passive elements and are made adjustable electronically through 
the externally supplied current of the LT1228.  The tracking error 
effects of the LT1228 on the circuit performance are investigated, 
and the active and passive sensitivity analyses are also evaluated. 
The validity of the synthetic lossy inductors is confirmed by the 
PSPICE simulation results using the macro-model of the LT1228 
by Linear Technology as well as the prototype circuit test results 
using IC LT1228.  Also, the circuit performance is demonstrated 
on an illustrative example of a voltage-mode second-order 
bandpass filter. The performance of the proposed practical 
grounded/floating lossy inductance simulators is compared with 
the previously presented similar works and also summarized in 
Table 1.    

2. Characteristic of IC LT1228 

 Figure 1 shows the pin configuration and electrical symbol of 
the LT1228.  It is a commercially available IC package, which is 
internally a combination of an operational transconductance 
amplifier (OTA) and a current feedback operational amplifier 
(CFA). The relationships between the appropriate terminal of 
LT1228 can be expressed through the following matrix expression 
given below [39]: 

 
0 0 0 0
0 0 0 0

.
0 0

0 0 1 0

p p

n n

z zm m

o o

i v
i v
i vg g
v i

    
    
    =
    −
    

    

. (1) 

In matrix (1), gm is the transconductance gain of the LT1228, which 
is directly proportional to the external DC supplied current IB, as 
defined by the following relation [39]:    

 gm = 10IB. (2) 
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Figure 1: IC package LT1228 
(a) internal active element and pin configuration   (b) electrical symbol  

3. Actively Realizable Lossy Inductance Simulator Circuits 

Fig.2 shows the generic circuit configuration for the simulation 
of lossy grounded and floating inductors.  They consist of IC 
package LT1228s as active elements.  Routine analyses of the 

proposed circuits in Figure 2 yield the inductance functions and the 
finite quality factor (Q) given in Table 2.  Inspection of the table, 
the four different inductance functions realized by the generic 
circuit topologies can be described in detail below.    

(i) Figure 2(a) can emulate a grounded series RL-type lossy 
inductor with Req1 = 1/gm  and  Leq1 = R1C1/gm.    

(ii) Figure 2(b) can emulate a grounded parallel RL-type 
lossy inductor with Req2 = R2  and  Leq2 = R2C2/gm.   

(iii) The circuit in Figure 2(c) can emulate a floating series 
RL-type lossy inductor with Req3 = 1/gm  and  Leq3 = 
R3C3/gm.    

(iv) The last circuit in Figure 2(d) can emulate a floating 
parallel RL-type lossy inductor with Req4 = 1/gm2  and  Leq4 
= C4/gm1gm2.  
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Figure 2: Lossy inductance simulators and equivalent circuits 
(a) grounded series RL-type       (b) grounded parallel RL-type 

(c) floating series RL-type       (d) floating parallel RL-type 
 

Note that the proposed grounded lossy inductance sections of 
Figures 2(a) and 2(b) are no need for critical component-matching 
conditions.  It is known that one can adjust the gm-parameter by 
changing the bias current of the LT1228, and then the simulated 
equivalent elements Req and Leq of the synthetic lossy inductors are 
electronically tunable.   
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Table 1: Performance comparison between the proposed lossy inductance simulators in Figure 2 and the previously published similar works 

Reference Configuration Inductor Type Active device 
number 

Passive device 
number 

Commercially 
available IC 

Matching 
condition 

Electronic 
tuning Technology Supply voltage Power 

dissipation 

[1] 

grounded 

series, parallel CCII = 1 R = 4, C = 1 no yes no N/A N/A N/A 

[2] series, parallel CCII = 3 R ≥ 2, C ≥ 1 no no no AD844 ±12V N/A 

[3] parallel (Fig.3) DO-VDBA = 2 C = 1 no no yes N/A N/A N/A 

[4] series, parallel CCII = 3 R ≥ 2, C ≥ 1 yes no no AD844 ±12V N/A 

[5] 
series (Fig.3f) 

EXCCTA = 2 R = 2, C = 1 no no yes TSMC 0.18-µm 
CMOS ±0.9V N/A 

parallel (Fig.3d) 

[6] series (Fig.2) CFOA = 2 R = 3, C = 1 no yes no IBM 0.13-µm 
CMOS 

±0.75V 
(simulation),  

±6V 
(experiment) 

3.53mW 

[7] series, parallel CCIII = 1 R = 2, C = 1 no no no B101 and B102  
BJT ±10V N/A 

[8] series, parallel CCIII = 1 R = 2, C = 1 no no no TSMC 0.6-µm 
CMOS ±2.5V N/A 

[9] parallel (Fig.2c) DXCCII = 1 R = 2, C = 1 no yes no TSMC 0.35-µm 
CMOS ±1.5V N/A 

[10] series, parallel DXCCII = 1 R ≥ 2, C = 1 no no no TSMC 0.35-µm 
CMOS 

±2.5V,   
+1.44V N/A 

[11] series, parallel DVCC = 1 R = 2, C = 1 no no no MIETEC 0.5-µm 
CMOS ±2.5V N/A 

[12] series, parallel OTRA = 1 R ≥ 2, C ≥ 1 no no no MIETEC 1.2-µm 
CMOS ±5V N/A 

[13] series CFOA = 1 R = 2, C = 1 yes no no AD844 ±15V N/A 

[14] series CFOA = 1 R = 2, C = 1 yes no no AD844 ±10V N/A 

[15] series, parallel CFOA = 1 R = 2, C = 1 no no no IBM 0.13-µm 
CMOS ±0.75V 0.89mW 

[16] parallel CDBA = 1 R = 2, C = 1 no no no AD844 ±12V N/A 

[17] series (Fig.2e) DXCCII = 1 R = 2, C = 1 no no no TSMC 0.35-µm 
CMOS ±1.5V N/A 

[18] series (Fig.2d) CFOA = 1 R = 2, C = 2 yes no no AD844 ±12V N/A 

[19] series, parallel FTFNTA = 1 R = 1, C = 2 no no yes N/A N/A N/A 

[20] parallel (Fig.3) VF = 1, CF = 1 R = 3, C = 1 no no no 0.25-µm CMOS, 
AD844 

±1.25V, +0.4V 
(simulation),  

±12V 
(experiment) 

6.87mW 

[21] parallel (Fig.2a) OTRA = 2 R = 4, C = 1 no no no AD844 ±10V N/A 

[22] series (Fig.2c) VDCC = 1 R = 1, C = 1 no no yes TSMC 0.18-µm 
CMOS ±0.9V 0.87mW 

[23] 

floating 

series (Fig.3) CCCII+ = 2, 
CCCII- = 1 C = 1 

no no yes 
NR100&PR100 

BJT,  

AD844 

±2.5V 
(simulation),  

±5V 
(experiment) 

3.17mW 
parallel (Fig.2) CCCII- = 2 C = 1 

[24] 

series (Fig.2a) DVCCS = 1, 
OA = 3 

R = 2, C = 1 no yes no N/A N/A N/A series (Fig.2b) DVCCS = 1, 
OA = 2 

parallel (Fig.2c) DVCCS = 1, 
OA = 2 

[25] parallel CFOA = 2 R = 3, C = 2 yes yes no AD844 ±15V 
(experiment) N/A 

[26] series, parallel CCII = 2 R = 2, C = 1 no no no N/A N/A N/A 

[27] series, parallel CFOA = 2 R = 2, C = 1 yes no no AD844 N/A N/A 
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[28] series, parallel DDCC = 1 R = 2, C = 1 no yes no TSMC 0.18-µm 
CMOS 

±0.9V,   
+0.34V N/A 

[29] parallel DO-DDCC = 1 R = 2, C = 1 no no no TSMC 0.35-µm 
CMOS 

±1.5V,             
-0.9V N/A 

[30] series (Fig.2) DDCC = 2 R = 2, C = 1 no yes no IBM 0.13-µm 
CMOS ±0.75V 6.9mW 

[31] series, parallel CFOA = 2 R = 2, C = 1 yes no no AD844 N/A N/A 

[32] series (Fig.1) 
DVB = 1, 

ECCII+ = 2, 
ECCII- = 1 

R = 3, C = 1 no no yes EL2082, AD830 ±5V  N/A 

[33] parallel (Fig.4) DDCC = 1 R = 2, C = 1 no yes no IBM 0.13-µm 
CMOS, AD844 ±0.75V 2.08mW 

[34] series (Fig.2), 
parallel (Fig.3) DDCC = 1 R = 2, C = 1 no no no IBM 0.13-µm 

CMOS, AD844 

±0.75V, 
+0.23V 

(simulation),  
±9V 

(experiment) 

2.06mW 

Proposed 

circuits 

grounded 
series (Fig.2a) LT1228 = 1 

R = 1, C = 1 yes 

no yes 
LT1228 from 

Linear 
Technology 
Company 

±5V 

56.7mW 

parallel (Fig.2b) LT1228 = 1 no yes 41.2mW 

floating 
series (Fig.2c) LT1228 = 2 yes yes 0.114W 

parallel (Fig.2d) LT1228 = 2 yes yes 0.117W 
 

 N/A : Not available   
 CCII : second-generation current conveyor, DO-VDBA : dual-output voltage-differencing buffered amplifier,  
 EXCCTA : extra X current conveyor transconductance amplifier, CFOA : current feedback operational amplifier, CCIII : third-generation current conveyor,  
 DXCCII : dual X second-generation current conveyor, DVCC : differential voltage current conveyor, OTRA : operational transresistance amplifier,  
 CDBA : current differencing buffered amplifier, FTFNTA : four terminal floating nullor transconductance amplifier,  
 VF : voltage follower, CF : current follower, VDCC : voltage differencing current conveyor, CCCII± : positive/negative current-controlled conveyor,  
 DVCCS : differential voltage controlled current source, OA : operational amplifier, DDCC : differential difference current conveyor,  
 DVB: differential voltage buffer, DO-DDCC : dual-output differential difference current conveyor,  
 ECCII± : positive/negative electronically controllable current conveyor    

Table 2: Summary of the lossy inductance simulation using the proposed 
circuit configurations of Figure 2.  

Topology Matching 
Condition Realized inductance Q 
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4. Non-Ideal Consideration and Sensitivity Performance 

 If the non-ideal transfer errors are considered, the terminal 
relationships of the LT1228 can be described as follows: 
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here, α = (1 – εgm) and β = (1 – εv), where εgm and εv are 
respectively the transconductance inaccuracy and the voltage 
transfer error in which |εgm | << 1 and |εv | << 1.  Re-analysis all 
the topologies in Figure 2 by taking the non-ideal parameters of 
the LT1228 into account, the various non-ideal characteristic 
parameters of the synthetic inductors can be evaluated and 
summarized in Table 3.   

 

 

Table 3: Non-ideal parameters of the designed inductors in Figure 2.   

Topology Simulated equivalent elements Q 

Figure 2(a) Req1 = 1/αβgm Leq1 = R1C1/αβgm ωR1C1 

Figure 2(b) Req2 = R2 Leq2 = R2C2/αβgm ωC2/αβgm 

Figure 2(c) Req3 = 1/α1β1gm Leq3 = R3C3/α1β1gm ωR3C3 

Figure 2(d) Req4 = 1/gm2 Leq4 = C4/α1β1gm1gm2 ωC4/α1β1gm1 
 

 Normalized sensitivities of the simulated equivalent values 
Req and Leq with respect to active and passive elements are 
obtained as: 
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 From the above, it is clearly seen that the magnitudes of these 
sensitivity coefficients are less than or equal to unity. Thus, it 
can be realized that all the proposed inductors exhibit good 
sensitivity performance.   
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5. Simulation Results  

 The proposed lossy inductance simulators in Figure 2 have 
been simulated by the PSPICE program using LT1228 standard 
SPICE macro-model obtained from Linear Technology. The 
LT1228 was biased with symmetrical supply voltages of +V = -
V = 5 V.  As an example, the proposed floating lossy series 
inductor of Figure 2(c) has been designed to simulate a floating 
series RL impedance with Req3 = 1 kΩ and Leq3 = 1 mH.  For this 
purpose, the component values are set as: IB = IB1 = IB2 = 100 µA 
for gm = gm1 = gm2 = 1 mA/V, R3 = 1 kΩ and C3 = 1 nF.  Figure 
5 shows the simulated transient responses of the input voltage 
and current (vin and i1), where a sinusoidal input voltage of 50 
mV (peak) at the frequency of 500 kHz is applied to the 
simulator.  The resulting waveforms show that the current i1 lags 
the voltage vin by 70°, whereas the theoretical calculation is equal 
to tan-1(ωLeq3/Req3) = tan-1(2π×500×103×1×10-3)/(1×103) = 
72.34°.  With the same component values, the simulated 
frequency responses corroborating the ideal responses are also 
plotted in Figure 6.  As can be observed from the results, it 
behaves serial RL impedance well for the frequencies around 1 
kHz to 1 MHz.   
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Figure 5: Simulated transient responses of the floating lossy series inductor  

in Figure 2(c) 
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Figure 6: Ideal and simulated frequency responses of the floating lossy series 

inductor simulator in Figure 2(c).   

 To show the electronic tunability of the inductor in Figure 
2(c), the detailed analysis of frequency characteristic is provided 
in Figure 7.  In the figure, the magnitude responses of the input 
impedance Zin3 are compared with the ideal series RL impedance 
by changing the bias current for IB = 50 µA, 200 µA and 400 µA 
(gm = 0.5 mA/V, 2 mA/V and 4 mA/V).     
 
 On the other hand, the simulated transient responses of the 
proposed floating lossy parallel inductor of Figure 2(d) are given 
in Figure 8.  In this case, the active and passive components are 
taken as follows: IB = 100 µA (gm = 1 mA/V), R4 = 1 kΩ and C4 
= 1 nF, which yields Req4 = 1 kΩ and Leq4 = 1 mH.  In Figure 8, 

a sinusoidal input signal was applied to the input of the inductor 
at a frequency of 200 kHz and signal amplitude of 50 mV peak.  
The phase difference between vin and i1 is approximately 36°, 
which is close to the ideal value (tan-1(Req4/ωLeq4) = tan-

1(1×103)/(2π×200×103×1×10-3) = 38.51°) with a percentage 
deviation of 6.52%.  The tuning capability of the proposed 
floating lossy parallel inductor has also been tested for IB1 = 50 
µA, 200 µA, and 400 µA, while keeping IB2 constant at 100 µA.  
The resulting frequency characteristics showing in Figure 10 
prove that the proposed inductor circuit can be conveniently 
tuned by electronic means. 
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Figure 7: Simulated frequency responses for Zin3 in Figure 2(c) with IB tuning 
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Figure 8: Simulated transient responses of the floating lossy parallel inductor  
in Figure 2(d) 
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Figure 9: Ideal and simulated frequency responses of  the floating lossy parallel 

inductor simulator in Figure 2(d) 
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Figure 10: Simulated frequency responses for Zin4 in Figure 2(d) with IB1 tuning.  
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6. Experimental Results 

 To further represent the validity of the presented theory, the 
proposed circuits of Figure 2 were implemented in prototype 
hardware using IC LT1228 from Linear Technology. The 
LT1228 is biased with ±5 V supplies.  For the experimental 
testing of Figure 2(a) and 2(b), the passive components in the 
schematic diagram are the following values: R1 = R2 = 1 kΩ and 
C1 = C2 = 1 nF.  The measured magnitude and phase responses 
of the proposed grounded series lossy inductor in Figure 2(a) 
for IB = 50 µA, 100 µA, 200 µA, and 400 µA are shown in 
Figures 11 and 12, respectively.  The calculated and 
measurement results for the Zin1 frequency responses at a 
frequency of 100 kHz are summarized in Table 4. According to 
this table, parasitic gains and signal transfer errors at the 
corresponding terminals of the LT1228 in conjunction with the 
tolerances in passive elements used will deviate the impedance 
frequency responses of the simulated lossy inductor. It should 
be taken into account the fact that the current and voltage 
conveying realized by an LT1228 is actually valid under a 
small-signal operation.  However, appropriate adjusting gm with 
IB gives a significant improvement in the magnitude and phase 
responses.    

 In the same manner, the measured frequency responses for 
the input impedance Zin2 of the proposed grounded parallel lossy 
inductor in Figure 2(b) are presented in Figures 13 and 14.  
Regarding the experimental testing for the actively simulated 
lossy inductor, the results of the Zin2-frequency response at f = 
100 kHz is provided in Table 5.  Obviously, the practical results 
are consistent with the theoretical ones.  However, the deviation 
in the magnitude and phase responses is mainly due to the non-
ideal parasitic effects and the resistor and capacitor tolerances.    

Table 4: Summary of the measured values for the Zin1 in Figure 2(a) 

IB  
(µA) 

gm  
(mA/V) 

| Zin1 | (kΩ) ∠Zin1 (degree) 
Measured  Calculated  Measured Calculated 

50 0.5 2.98 2.36 26.51 32.14 
100 1 1.39 1.18 32.40 32.14 
200 2 0.84 0.59 44.11 32.14 
400 4 0.38 0.29 50.11 32.14 

Table 5: Summary of the measured values for the Zin2 in Figure 2(b) 

IB  
(µA) 

gm  
(mA/V) 

| Zin2 | (Ω) ∠Zin2 (degree) 
Measured  Calculated  Measured Calculated 

50 0.5 536.14 782.48 53.94 38.51 
100 1 440.83 532.02 63.54 57.86 
200 2 232.05 299.72 81.17 72.56 
400 4 126.62 155.12 80.73 81.07 
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Figure 11: Measured magnitude responses of  the proposed grounded series 
lossy inductor in Figure 2(a)  

(a) IB = 50 µA    (b) IB = 100 µA    (c) IB = 200 µA    (d) IB = 400 µA 
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(c) 

 
(d) 

Figure 12: Measured phase responses of  
the proposed grounded series lossy inductor in Figure 2(a)  

(a) IB = 50 µA    (b) IB = 100 µA    (c) IB = 200 µA    (d) IB = 400 µA 
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(c) 

 
(d) 

Figure 13: Measured magnitude responses of the proposed grounded series 
lossy inductor in Figure 2(b)  

(a) IB = 50 µA    (b) IB = 100 µA    (c) IB = 200 µA    (d) IB = 400 µA 
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(b) 
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(c) 

 

 
(d) 

Figure 14: Measured phase responses of  
the proposed grounded series lossy inductor in Figure 2(b)  

(a) IB = 50 µA    (b) IB = 100 µA    (c) IB = 200 µA    (d) IB = 400 µA 

7. Example of Application 

 To illustrative an application example, the proposed inductor 
topologies in Figures 2(b) and 2(c) are used for the simulation of 
serial RL and parallel RL elements of the bandpass filter in 
Figure 15.  The voltage transfer function of Figure 15 is found 
as: 
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where the denominator D(s) is equal to 
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 From Equations (8)-(9), the natural angular frequency (ωo) 
and the quality factor (Q) of the proposed filter in Figure 15 can 
be characterized as given respectively by the following 
equations: 
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 In the simulation, the element values for bandpass filter in 
Figure 15 with fo = 159.15 kHz and Q = 0.33 are specified as 
follows: gm = 1 mA/V (IB = 100 μA), R2 = R3 = 1 kΩ, C2 = C3 = 
1 nF.  Figure 16 shows the plots of the theoretical and simulated 
frequency responses of the filter, in which Req2 = Req3 = 1 kΩ and 
Leq2 = Leq3 = 1 mH.  From Figure 16, the simulated fo is 156.15 
kHz, where the relative error is found as 1.88%.    

Req3 Leq3

vin

+

-

+

-

voutReq2 Leq2

Floating series lossy 
inductor of Figure 2(c)

Grounded 
parallel lossy
inductor of 
Figure 2(b)

 
Figure 15: Voltage-mode bandpass filter realization using the proposed actively 

simulated inductors of Figure 2(b) and 2(c).   

8. Conclusions 

 In this study, the actively simulated grounded/floating lossy 
inductance simulators using commercially available IC named 
LT1228 are reported.  All of the reported topologies employ a 
capacitor and a resistor as passive elements and can be tuned 
electronically through the bias current of the LT1228.  The 
simulation and experimental testing results are achieved to 
validate their practical performances.   
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Figure 16: Ideal and simulated frequency responses of the filter in Figure 15 
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