Mutually coupled circuits based on modified voltage differencing transconductance amplifier with tuneable characteristics
P. B. Petrović
The letter presents a new mutually coupled circuit (MCC) based on a modified voltage differencing transconductance amplifier (MVDTA), designed using the Gorski-Popiel technique [1]. The proposed synthetic transformer (ST) circuit uses two MVDTAs as active elements, and all passive elements are grounded — two capacitors and two resistors. Thanks to the newly established coupling method-connections, it is provided with independent electronic control of primary and secondary self-inductance, as well as mutual inductance, via bias voltages of MVDTAs. In addition, it is very easy to provide the conditions by which symmetrical couplings are achieved. Thorough Pspice simulation time and frequency domain analyses have been performed in order to verify the theoretical analyses. A double-tuned band-pass (DTBP) filter application is given to show the functionality of the proposed MCC.

Introduction: The synthetic transformers (STs), namely mutually coupled circuits - MCCs, are frequently utilized in a wide application range such as analogue signal processing - analogue filters (particularly for replacing the magnetic transformer in stagger-tuned filters), analogue telecommunications, control engineering, instrumentation, measurement, etc.. A MCC comprises primary and secondary self-inductances - Lp and Ls, as well as a mutual inductance M. It is well known in technical practice that due to process tolerances in IC fabrication, the inductance values may differ from run to run. Moreover, since they require substantial chip area and huge process cost, very often they are not feasible for IC implementations. The above-listed shortcomings and limitations in the implementation of both individual inductors and inductively coupled circuits have led to increased interest and development of synthetic transformers, which can be used instead of conventional physical transformers in integrated circuits.

A literature survey reveals that several designs have been proposed for simulating a MCC using different active blocks [2-5]. The implementation of STs using current-conveyor and current-conveyor-based active component [3] has received a lot of attention due to their potential advantages - higher signal bandwidths, greater linearity, wider dynamic range, simple circuitry, and low power consumption. However, they also require a large number of active and passive components and impose several passive component matching constraints. Similarly, the MCC proposed in [2] required 4 active blocks-CFOA. Although the implementations [4, 5] as proposed here require two active elements (VDCC and CBTA), they are much more complex in design than the MVDTA used here and their practical implementation is based on a much larger number (consumption) of MOS transistors. In addition, the MCCs described in [2, 4, 5], require more passive components then MCC proposed in this letter, where a large number of them are floating, which from the point of view of IC implementation is also a limiting factor.

The proposed MCC has been designed using the Gorski-Popiel [1] approach that is based on the use of positive-immittance convertors (p.i.c.s) with a purely reactive conversion ratio for simulation of the inductors in LC networks. The primary and secondary self-inductances and the mutual inductance in the designed MCC can be controlled and tuned independently by the bias voltages of the MVDTAs and/or grounded resistors. Only one matching condition is needed for symmetrical matching-coupling. The usage of MVDTA helps to keep the number of passive elements considerably low and grounded. The resulting circuit offers excellent sensitivity, stability and high frequency performances of up to 500MHz. Additionally a double-tuned band-pass filter - DTBP filter is given as an application example, while time and frequency domain analyses have been carried out in Pspice simulation environment, in order to verify the theoretical assumptions.

Circuit description: Fig. 1a shows the proposed MCC based on two MVDTAs, two capacitances and two resistances, all of which are grounded. The terminal relations of the used MVDTA is defined with the following matrix equation
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Fig. 1 MMC based on MVDTA
a designed synthetic transformer-MCC
b CMOS implementation of MVDTA
where, gmF and gmS are transconductance gains of MVDTA (two dependent transconductance gain stages which can be controlled electronically by biasing voltage or current), and βF and βS are respectively defined by the tracking errors of the first and second stages of MVDTA [6]. Typical values of these parameters (we can observe them as non-ideal transconductance gains of MVDTA stages) are in the range of 0.9 to 1, with an ideal value of 1.

Fig. 1b shows the proposed CMOS realization of MVDTA. As we can see in Fig. 1b, the MVDTA is composed of two Arbel-Goldminz transconductances [6], so that the gmF and gmS value is determined by the output transistor transconductance, which can respectively be approximated as
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(2)

where μ is the effective carrier mobility, Cox is the gate-oxide capacitance per unit area, W and L are the effective channel width and length of the i-th MOS transistor, and Ki is the gain factor of Arbel-Goldminz cells, respectively.
The routine analysis gives the following two-port network equations:
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It is follows that:
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A general MCC is shown in Fig. 2, and the Z-matrix of the MCC is given by
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(5)

where Lp and Ls are the self-inductances of the primary and secondary sides of MCC, respectively. The mutual inductances are represented by M12 and M21, where the condition M12=M21 should be met for satisfying the symmetrical coupling. Comparing equations (4) and (5) the inductances of the proposed MCC are found as:
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while the coefficient of coupling is given by (can be controlled with grounded resistors and bias voltages to change the inductances for desired values)
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(7)
For symmetrical coupling, the following condition must be met:
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Simulation results: The MCCs proposed in Fig. 1a were verified using a simulation procedure in SPICE environment, with TSMC 0.18(m CMOS technology parameters. The aspect ratios of the MOS transistors in Fig. 1b were taken as 16.1/0.7 for M1, M2, 3.6/0.36 for M3, M4; 16.64/0.36 for M7, M8; 4.5/0.36 for M5, M6. The power supply was ±0.9V, while the power consumption of the single MVDTA is 0.76mW.

In order to simulate the proposed MCC (as example of application of the proposed synthetic transformer), a double-tuned band-pass filter-DTBP is given in Fig. 2. Resonant frequency for the primary and secondary sides of the DTBP filter are, respectively evaluated as [7]
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(9)
while quality factors of the DTBP (for the primary and secondary sides) are defined with
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A typical design is performed by selecting equal resonant frequencies and quality factors on the primary and secondary sides as follows [7]: fp = fs = fo and Qs = Qp = Q.
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Fig. 2 Double-tuned band-pass filter
The magnitude and the phase characteristics of the DTBP filter (Fig. 2) are shown in Fig.3. To achieve this solution, the passive elements have been selected as Cp=Cs=100pF and Rp=Rs=10kΩ. The ST is built with R1=R2=666Ω, gmF=gmS=0.5mS (obtained for bias voltages of VBF=VBS=-0.3V), and C1=C2=75pF in order to attain the inductances as Lp=Ls=300(H and M12=M21=100(H. With these selections, other parameters are obtained as f0=918.88kHz and Q=5.77. From the obtained simulation results shown in Fig. 3, we are in position to conclude that the theoretical and simulated results are in good agreement.
To illustrate of electronic tunability of the proposed MCC (of Lp, Ls, and M of the proposed ST) with bias voltages of the MVDTA, the results shown in Fig. 4a are presented. In these simulations, the bias voltages VBF, VBS are chosen as -0.353V, -0.3V, and -0.263V, respectively, keeping the passive component values as defined above. Therefore, the transconductance gains are obtained as 0.34, 0.5, and 0.61mS, respectively. In addition, the output voltage versus temperature variations ratio is given in Fig.3b. For these simulations evaluations, the input sinusoidal signal with amplitude of 0.1V and frequency 1MHz is used, under different temperature conditions. The total power dissipation of the proposed circuits is about 1.83mW.
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Fig. 3 Characteristics of the proposed DTBP filter

a gain characteristics

b phase characteristics
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Fig. 4 a Tuning of Lp, Ls, and M of the proposed ST
b the simulation results for the output voltage versus temperature variations.

The comparison is shown in Table 1, highlighting the different design and performance related aspects of the previously reported MCC circuits and of the one proposed here.

Table 1 Comparison of MCCs

	Ref.
	Number and type of

active

componen.
	Number of resistors

(grounded/floating)
	Number of capacitors

(grounded/floating)
	Operating frequency
	Electronic. tunable

	[2]
	4CFOAs
	1G, 4F
	2G
	Up to 100MHz
	No

	[3]
	2DVCC, 2CCII
	6G
	2G
	Up to 100MHz
	No

	[4]
	2VDCC
	1G, 2F
	2G
	Up to 100MHz
	Yes

	[5]
	2CBTA
	1G, 2F
	2G
	Up to 10MHz
	Yes

	This work
	2MVDTA
	2G
	2G
	Up to 500MHz
	Yes


Conclusion: This letter describes a completely new structure of grounded synthetic transformer - MCC based on MVDTAs and Gorski-Popiel approach. The proposed ST uses two MVDTAs, two grounded resistors, and two grounded capacitors which are more suitable for IC design. The primary and secondary self-inductances and the mutual inductance can be independently controlled and electronically tuned by changing the biasing voltages of MVDTA. The simulation results show the functionality of the proposed MCC. The proposed solution overcomes many of the limitations that existed in the implementation of previously known MCCs, while at the same time providing low consumption, high value of maximum operating frequency - up to 500MHz, with a minimum number of used transistors in the integrated implementation.
Predrag B. Petrović, (Department of Electronic, Faculty of Technical Sciences Čačak, Svetog Save 65, 32000 Čačak, Serbia, e-mail: predrag.petrovic@ftn.kg.ac.rs)
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