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Abstract
This paper presents a new ‘voltage differencing’ active
building block called voltage differencing differential dif-
ference amplifier (VDDDA). The usefulness of the intro-
duced device is demonstrated on novel resistorless voltage-
mode first-order all-pass filter and voltage-mode quadra-
ture oscillator design. The pole frequency of the filter can
be easily controlled by means of internal transconductance
and it provides both high-input and low-output impedances,
which is important for cascading. In the oscillator the condi-
tion of oscillation and frequency of oscillation can be tuned
independently. The theoretical results are verified by SPICE
simulations using TSMC 0.18 μm level-7 SCN018 CMOS
process parameters with ±0.9 V supply voltages.

1. Introduction
Since 1970s the current differencing amplifier (or Norton

amplifier) is known as the first active building block (ABB) with
‘current differencing’ capability in the literature [1]. Later on
the operational transresistance amplifier (OTRA) [2], differen-
tial current conveyor (DCCII) [3], current differencing buffered
amplifier (CDBA) [4], and the current differencing transcon-
ductance amplifier (CDTA) [5] have also received considerable
attention in the literature. The input circuitry of these ABBs
contains the so-called current differencing unit (CDU), which
has two low-impedance terminals while the DCCII has addi-
tional voltage input terminal. In 2008, a set of new ABBs were
introduced as counterparts of above mentioned ‘current differ-
encing’ ABBs [6]. In these ABBs the CDU is replaced by volt-
age differencing unit (VDU), which is formed by differential-
input operational transconductance amplifier (OTA) [7]. In this
way, the CDBA is transformed to voltage differencing buffered
amplifier (VDBA) [6], [8] and its generalization leads to voltage
differencing-differential input buffered amplifier (VD-DIBA)
[9], which along with the voltage differencing transconductance
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amplifier (VDTA) and voltage differencing inverting buffered
amplifier (VDIBA), is the most popular nowadays [10]–[14].
As continuation of these works, this paper introduces new ver-
satile ‘voltage differencing’ ABB so-called voltage differencing
differential difference amplifier (VDDDA). The VDDDA can
be considered as universal ABB, since it also allows realiza-
tion of both VDBA and VD-DIBA. As its application grounded
capacitor-based novel voltage-mode (VM) first-order all-pass
filter (APF) and quadrature oscillator are given. SPICE sim-
ulation results are included to support the theory.

2. Circuit Description
The VDDDA is a new six-terminal active device with elec-

tronic tuning, which circuit symbol and behavioral model are
shown in Figs. 1(a) and (b), respectively. From the model it can
be seen that the advantage of the differential-input OTA [7] and
differential difference amplifier (DDA) [15], [16] is extended
in this new ABB. It has a pair of high-impedance voltage in-
puts v+ and v−, a high-impedance auxiliary current output z, a
high-impedance voltage inputs vn and vp, and low-impedance
voltage output w, which value is given by the differential differ-
ence of voltages Vz − Vvn + Vvp . Hence, the relationship be-
tween port currents and voltages of a VDDDA can be described
by the following equations:

Iz = gm(Vv+ − Vv−), Vw = β1Vz − β2Vvn + β3Vvp , (1)

and the currents of v+, v−, vp, and vn terminals are zero. In
Eq. (1), gm and βi = 1−εvi for i = 1, 2, 3 represent transcon-
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Figure 1. (a) Circuit symbol, (b) behavioral model.
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Figure 2. CMOS implementation of VDDDA.

ductance and non-ideal voltage gains of VDDDA, respectively,
and εvi (|εvi| � 1) denotes voltage tracking error of VDDDA.
However, for ideal VDDDA the values of βi are equal to unity.

Proposed CMOS implementation of the VDDDA is shown
in Fig. 2, where transistors M1–M4 realize the OTA and M5–
M14 form the differential difference stage. Here it is worth not-
ing that the proposed structure can also be effectively used for
implementation of VDBA [6] and VD-DIBA [9], if vn and vp
or only vp terminals of VDDDA are grounded.

The newly proposed VM first-order APF using single VD-
DDA and grounded capacitor is shown in Fig. 3. Considering
an ideal VDDDA, i.e. βi = 1, routine analysis yields voltage
transfer function (TF) in the following form:

T (s) =
Vout
Vin

= −sC − gm
sC + gm

, (2)

and the phase response of the filter is given as follows:

ϕ(ω) = −2tan−1

(
ωC

gm

)
. (3)

As it is seen from the equation above, the phase of voltage
TF alters from 0◦ to –180◦ while ω changes from 0→∞.

The pole (ωp) and zero (ωz) frequencies of the TF are:

ωp = ωz =
gm
C
, (4)

and their sensitivity to active parameter and passive element are
as Sωp,ωzgm = −Sωp,ωzC = 1 and are unity in relative amplitude.

For a complete analysis of the proposed VM APF it is also
important to take into account the non-idealities of the active el-
ement used. Considering the aforementioned non-ideal voltage
transfers of the VDDDA, the ideal TF in Eq. (2) turns to:

T (s) =
Vout
Vin

= −β2sC − gm(β1 − β2 + β3)

sC + gm
. (5)

Now, the phase response of the filter can be expressed as:

ϕ(ω) = −tan−1

(
β2ωC

gm(β1 − β2 + β3)

)
− tan−1

(
ωC

gm

)
. (6)

Subsequently, the zero ωz and pole ωp frequencies are not
equal and can be given as:

ωz =
gm(β1 − β2 + β3)

β2C
, ωp =

gm
C
. (7)

It it worth noting that the pole frequency ωp of the filter can
be easily tuned by means of the transconductance of the VD-
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Figure 3. Proposed VM cascadable all-pass filter.
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Figure 4. Proposed VM quadrature oscillator.

DDA. However, the mismatch between the pole frequency ωp
and the corresponding zero frequency ωz affects both the mag-
nitude and phase response of the circuit. Therefore, to receive
ωz = ωp precise design of VDDDA with values of βi very
close to unity is needed.

Typical application area of the all-pass filter is quadrature
oscillator [12], [17], which is important circuit is various com-
munication systems [18]. Here introduced new quadrature os-
cillator shown in Fig. 4 was proposed by cascading the APF to a
lossy integrator in a closed loop. Routine circuit analysis yields
the following characteristic equation (CE):

CE : s2C1C2R+s(C1+C2Rgm1−2C1Rgm2)+gm1 = 0.
(8)

From (8) the condition of oscillation (CO) and the fre-
quency of oscillation (FO) can be evaluated as:

CO : gm2 ≥ 1

2

(
1

R
+ gm1

C2

C1

)
, (9)

FO : ω0 =

√
gm1

C1C2R
. (10)

From Eqs. (9) and (10) it is clear that the FO can be con-
trolled by adjusting the value of the resistorR and/or by varying
the control current IB1 of gm1.

Assuming the matching R = 1/gm2, the relationship be-
tween the output voltages can be given as:

Vo1 = −jkVo2, where k = ω0C2R, (11)

ensuring the output voltages Vo1 and Vo2 to be quadrature (the
phase difference φ = 90◦) and have equal amplitudes if k = 1.

3. Simulation Results
To verify the theoretical study, the behavior of the proposed

CMOS VDDDA structure and VM APF shown in Figs. 2 and
3, respectively, have been verified by SPICE simulations with
DC power supply voltages equal to +VDD = −VSS = 0.9 V
and VB = −0.35 V. In the design, transistors are mod-
eled by the TSMC 0.18 μm level-7 SCN018 CMOS process
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Figure 5. (a) DC and (b) AC analyses of VDDDA in Fig. 2.

Table 1. Transistor dimensions of the VDDDA.

PMOS transistors W(μm)/L(μm)
M3, M4 3.96/1.08
M5–M7 3.6/0.18
NMOS transistors W(μm)/L(μm)
M1, M2 9/1.08
M8–M11 0.72/1.08
M12–M14 2.16/1.08

parameters (VTHn = 0.3725 V, μn = 259.5304 cm2/(V·s),
VTHp = −0.3948 V, μp = 109.9762 cm2/(V·s), Tox = 4.1 nm)
[19]. The aspect ratios of the newly designed VDDDA are given
in Table 1.

First of all, the performance of the VDDDA was tested by
DC and AC analyses and the results are depicted in Fig. 5.
From the DC results it can be seen that the maximum val-
ues of terminal voltages without producing significant distor-
tion are approximately computed as ±200 mV for the OTA and
–0.24 to +0.2 V for the differential difference stage, respec-
tively. The bias current was selected as IB = 50 μA, which
results in gm approximately equal to 300 μA/V. Subsequently,
the obtained gains βi of voltage transfers Vw/{Vz, Vvn , Vvp}
are equal to 0.997. The AC results show that the maximum
operating frequency of the VDDDA is 142.51 MHz. Fig. 6
shows the ideal and simulated phase and gain responses il-
lustrating the electronic tunability of the proposed VM all-
pass filter. The pole frequency of the filter is varied for
fp ∼= {1.015; 1.565; 2.301} MHz via the bias current IB =
{25; 50; 110} μA, respectively. In all simulations the value
of the capacitor C has been selected as 30 pF. The total power
consumption of the APF for simulated pole frequencies from
1.015 to 2.301 MHz varies from 51.8 to 205 μW. To illustrate
the time-domain performance, transient analysis is performed
to evaluate the voltage swing capability of the filter as shown
in Fig. 7. A sine-wave input of 100 mV amplitude and fre-
quency of 1.565 MHz was applied to the filter. Note that the
output waveform is very close to the input one. The total har-
monic distortion (THD) variations with respect to amplitudes of
the applied sinusoidal input voltages at 1.565 MHz are shown
in Fig. 8. An input with the amplitude of 100 mV yields THD
value of 0.461%.

The proposed oscillator was designed with the following
active parameters and the passive element values: IB1 =
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Figure 6. Electronical tunability of the pole frequency of the
proposed VM first-order all-pass filter by the bias current IB .
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Figure 7. Time-domain responses of the proposed all-pass filter
at 1.565 MHz.

50 μA, R = 3.3 kΩ, and C1 = C2 = 30 pF, respectively,
to obtain the sinusoidal output waveforms with theoretical os-
cillation frequency of f0 = ω0/2π ∼= 1.588 MHz. In practice,
to ensure the startup (build-up) of oscillations and subsequently
to satisfy the CO in Eq. (9) the value of IB1 is chosen as 60 μA.
The simulated oscillation frequency is 1.55 MHz. The wave-
forms of the quadrature voltages are shown in Fig. 9. The total
harmonic distortion (THD) at outputs Vo1 and Vo2 were 1.49 %
and 1.99 %, repectively.

From the simulation results it can be seen that both solu-
tions are in good agreement with the theory.
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Figure 9. Steady state oscillation waveforms of the quadrature
outputs.

4. Conclusion
This paper presents new active element from the group

of ‘voltage differencing’ devices, namely voltage differencing
differential difference amplifier. Since the internal structure
of the introduced active element contains OTA, it is attractive
for resistorless and electronically controllable circuit applica-
tions. Therefore, its usefulness is demonstrated on VM APF
design, which was used for quadrature oscillator design. The
VDDDA can be considered as universal ‘voltage differencing’
ABB, since using its CMOS implementation both VDBA and
VD-DIBA can be realized simpler and more effective way than
in [8] and [10] from their transistor count point of view.
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