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This paper describes the design of a phase shifter with electrically adjustable parameters
employing only one voltage differencing gain amplifier (VDGA) and one floating capacitor.
This circuit requires no external resistors, resulting in a resistorless design and a low
component count. The proposed circuit implements a first-order all-pass filter response
with electronic control of its passband gain, pole frequency, and phase difference via bias
current modification. Non-ideal effects of the VDGA on the phase shifter circuit are also
examined. PSPICE simulation results using TSMC 0.25-um real process parameters and
practical test results using readily available LM13700s are incorporated to validate the
theoretical conclusions. The results indicate that the simulations and experiments yielded
phase shift deviations of 2.22% and 3.11%, respectively. The pole-frequency errors for
simulations and experiments were 0.31% and 0.63%, respectively. The applicability of the
suggested phase shifter is illustrated by the design of the voltage-mode quadrature

oscillator.

1. Introduction

The design and synthesis of the phase shifter circuit, also
known as a first-order all-pass filter, has received a great deal of
interest [1]. In general, the phase behavior of the phase shifter
circuit can be adjusted from 0° to 180° or from 180° to 0°, while
its amplitude remains unchanged over the entire frequency range
of interest. Due to this, the phase shifter circuit is employed in a
number of communication and instrumentation systems, such as
universal biquad filters, high quality factor frequency-selective
filters, and quadrature and multiphase oscillators [2]-[20].
However, voltage-mode phase shifter circuits with one or more
active components are the most often suggested circuits in [2]-[3],
[5]-[16], [18]-[20]. Additionally, many of the works in [2]-[3], [5],
[10]-[16], [18],[20] are inaccessible electronically. Moreover, all
of these configurations are realized with the use of external passive
resistors.

The main objective of this contribution is, therefore, to design
a simple and compact phase shifter circuit with only one active and
one passive component. Without an extra passive resistor, the
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suggested structure consists merely of one voltage difference gain
amplifier (VDGA) and one floating capacitor. The benefits of the
design include the facility, low power consumption, and small
integrated chip area. Furthermore, the important features of the
proposed phase shifter, including passband gain (Hy), pole
frequency (@,), and phase response (¢), are electronically tunable
through the transconductance gains of the VDGA. A thorough
investigation is also done into the non-ideal gain effects of the
VDGA on the circuit performance. In addition, a new voltage-
mode quadrature oscillator is proposed to highlight the advantages
of the designed phase shifter. The designed circuit and its
application are simulated using PSPICE software using TSMC
0.25-um CMOS process technology, and the simulation results are
consistent with the theoretical analysis. The experimental
measurement results from the laboratory breadboard using
commercially available LM13600s are also given to prove the
features of the proposed circuit. In addition, a summary of the
performance comparison of the proposed circuit and those that the
previous works [2]-[20] is provided in Table 1. The observations
show that the suggested circuit has more features than recently
published circuits, which is commendable.
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Table 1: Comparative study of the proposed circuit with the similar previous works.

No. of active No. of passive Resistorless Variable- Electronic 'P<.>we.r Pole Supply
Ref | Year components components structure gain control | tunabilit dissipation frequency voltages Technology
Y (W) (Hz) V)
21 | 2005 cCI =2 R=2,C=2 no yes no NA 159k 12 AD844
(experiment)
3] | 2006 | DDCC=1 R=1,C=1 no no no NA 265.4k 33 12 um
(simulate)
MMCC =1, e ADS35,
[4] 2017 CFA =1 R=1,C=1 yes no yes NA 991 M NA AD844
[5] 2000 CDBA=1 R=1,C=1 no no no NA 1.59M 112.5 0.8 um
(simulate)
+2.5
+ = = =
[6] 2001 CCCII+=1 R=1,C=1 yes no yes NA 10M (simulate) 0.35 pm
— _ _ *1.5
[7] 2015 VDGA =1 R=1,C=1 yes yes yes 1.45m 429 k (simulate) 0.35 pm
_ A +0.75
[8] 2017 VDBA =1 R=1,C=1 yes no yes 0.37m 1.06 M (simulate) 0.25 pm
9] 2019 LT1228=1 R=2,C=1 yes no yes NA 100 k 3 LT1228
(simulate)
[10] | 2010 | FDCCI=1 R=2,C=1 no 10 1o NA 1.59 M 133 0.35 um
(simulate)
[11] | 2012 DDCC =2 R=1,C=1 no no no NA 1591 M 125 0.5 um
(simulate)
[12] | 2011 | FpCCI=1 R=1,C=1 no no no NA 2.65M 13 0.35 um
(simulate)
[13] | 2012 DDCC=2 R=1,C=1 no no no NA 1.17M 112.5 0.5 um
(simulate)
Fig.2: CFOA =2 |Fig2:R=5,C=1 Fig.2: 0.26, +10
(141 ] 2019 | pio's  CROA =3 |Fig3:R=6.C = 1 1o yes 1o Fig.3: 0.39 739k (experiment) AD344
= = — yes +0.9
[15] | 2020 VCII+=2 R=3,C=1 no (TM) no 1.22m 636.6 k (simulate) 0.18 um
[16] | 2020 EXCCII =1 R=2,C=2 no no no 0.7m 3.18M .i1.2 0.25 um
(simulate)
Fig2: o 7.96 M +0.75
_ Fig2:R=1,C=1|_. =~ Fig.2: no, 329 m (simulate), (simulate), 0.13 pum,
(17| 2021\ 1CCIH=2 Figa:c—1  |Fie3 o etive no Fig.3:yes | (simulate) 159 k +9 ADS44
(experiment) | (experiment)
_ Fig.l:R=3,C=1 18 (simulate/
[18] 2021 CFOA =2 Fig2: R=4,C=1 no yes no NA 33.829k experiment) AD844
_ _ yes +1.25
[19] | 2021 FDCCII = 1 C=1 (active resistor) no yes 2m 6.37M (simulate) 0.25 pm
_ Fig.l:R=1,C=1 Fig.1: no 5
[20] | 2022 DVCC=2 Fig2 ' R=3.C=1 no Fig2: yes no 0.6 6241k (simulate) AD844
1.59 M +0.75
This _ _ 1.56 m (simulate), (simulate), 0.25 pum,
work | 2022 | VDGA=1 c=1 yes yes yes (simulate) 159 k +5 LM13600
(experiment) (experiment)
Abbreviation:
NA = Not Available
CCII = second-generation current conveyor, DDCC = differential difference current conveyor,
MMCC = Multiplication Mode Current Conveyor, CFA = current feedback operational amplifier,
CDBA = current differencing buffered amplifier, CCCII+ = plus-type current-controlled current conveyor,
VDBA = voltage differencing buffered amplifier, FDCCII = fully differential current conveyor,
CFOA = current feedback operational amplifier, VCII+ = plus-type second-generation voltage conveyor,
EXCCII = extra-X second generation current conveyor, ICCII+ = plus-type second-generation current conveyor,
DVCC = differential voltage current conveyor, TM = transimpedance-mode
2. Proposed Circuit Configuration Vi
The VDGA was first introduced in [21], as illustrated in Figure _ TT i )
1. The VDGA device is a six-port versatile active building block . e, 7c v .
. . . . , O—— ——-o v,
described by the following matrix equation [21]-[22]: ’ P W
i VDGA i
. ; '
L Ena  ~Ema 0 W o z X oW
v 2
Le |l | 78w 8ma 0 ! (1) J}l i
ix 0 0 _gmB !
v
v, 0 0 p :
Figure 1: Circuit symbol of the VDGA.
www.astesj.com 137
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Current-Controlled Voltage Amplifier (8= g,.5/gmc) >

Figure 2: CMOS internal structure of the VDGA.

C
L W p —e
VDGA X 0 Vour
Vi 2 n Ze —

1

Figure 3: Proposed single VDGA-based resisotrless phase shifter circuit.

In (1), g (k= A, B, C) and p represent the transconductance gain
and the voltage transfer gain of the VDGA, respectively. This
element has two high input impedance voltages (v, and v,), three
high output impedance currents (i., i.. and i), and a zero output
impedance voltage (vy).

The values of g, and £, when implemented in CMOS
technology such as that depicted in Figure 2 [22]-[23], can be
expressed as follows:

w
gmk = K (TJ IBk ’ (2)
and B= Eup 3)
ng

where K = 1pC, is the transistor transconductance, £ is the carrier
mobility, C,, is the gate-oxide capacitance per unit area, and W/L
is the width-to-length ratio of the transistor. From Figure 2, the
CMOS VDGA is made up of three sections of transconductance
amplifiers (Mia - Moa, Mig - Mog and Mic - Moc). Each
transconductor contributes its own transconductance gain g, that
is electronically controllable. Consequently, external bias currents
I can be used to adjust the parameters g, and f of the VDGA.

Figure 3 depicts the realization of the phase shifter circuit that
requires only one VDGA and one floating capacitor without an
external resistor requirement. Despite the fact that the capacitor C
employed in this realization is floating, a second poly-layer
technique is provided by advanced integrated circuit (IC)
technology, making it simple to implement [24]. A preliminary
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analysis of the proposed configuration in Figure 3 gives the voltage
transfer function shown below

sC |
Vout(s):ﬂ Enc ) )
A ESR

gmA

Assuming g, = gms = gmc, the passband gain (Hp), pole
frequency (f,) and phase response (@) of the configuration are
obtained as:

H0=ﬂ > Q)

Y% _ & 6

1, 2z 2xC ©)

and ¢=rm—2tan" [a)_Cj . 7
g’n

Thus, the transconductances g, or by changing the external
bias currents Iz can be modified to alter the values of Hy, w, and
@. Also noticed is the fact that the gain £ can be controlled to
provide orthogonal H, control.

3. Effects of Non-Ideal Gains

Ideally, the VDGA features are thought to be perfect. However,
due to device mismatch, transfer errors may occur in CMOS
implementations of VDGA, deviating from the expected behavior.
The impact of the VDGA non-idealities on the functioning of the
suggested circuit must thus be investigated. In view of VDGA’s
non-ideal gains, (1) may be changed and expressed as:

A Xy8ma  ~Au8ma 0 v

L, _| T¥48ma Fa8ma 0 vp , ®)
i 0 0 —0 85

v, 0 0 o |

where o = 1 - & represents the transconductance inaccuracy
coefficient, and =1 - gsrepresents the parasitic voltage transfer
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gain. Here, &x (J&2] << 1) and &5 (J& << 1) are the undesirable
parameters deviating from unity due to the transfer errors of the
VDGA. For the non-ideal analysis of the suggested phase shifter
circuit in Figure 3, the modified parameters Hy, f,, and ¢ can be
given by the following expressions:

H,=58 . ©)
7 (10)
1y 27xC
and ¢=7r—2tan1[5wcj . (an
aBgm

It is evident from (9)-(11) that the circuit parameters Ho, f, and
¢ are slightly affected by the unwanted factors a4 and ¢ of the
VDGA. However, this effect can be diminished by modifying the
transconductance gain g, for the circuit shown in Figure 3.
According to (2), the value of g,,x can be modified conveniently by
altering the external bias current /p.

4. Simulation Verification

In order to evaluate the performance of the proposed phase
shifter circuit in Figure 3, the CMOS-based VDGA in Figure 2 was
simulated with the TSMC 0.25-um transistor model in PSPICE
computer simulation program. Symmetrical supply voltages of +V
=-V=0.75V were used to bias the VDGA. The transistor sizes (W
and L) used in the VDGA realization are listed in Table 2.

Table 2: Transistor sizes used in VDGA realization of Figure 2.

Transistor W (um) L (um)
Mi-May 15 0.25
M;-Myy 23 0.25
Msi-Myi 4.5 0.25
Mgi-Moy 5.5 0.25
60
40 144
S gl
g 20 1 |
S 0 [\ :
3 L
S 20
ol
605 1 2 3

Time (us)

Figure 4: Simulation results of the transient waveforms of
the proposed phase shifter in Figure 3.

The active and passive component values are specified as: g
=8mB = 8mCc = 1 rnA/V, (IBA :IBB :IBC: 100 ﬂA), and C=0.1 nF
for the proposed resistorless phase shifter with Hy=1 and f, = 1.59
MHz. Figure 4 shows the simulated transient responses of the
proposed circuit for an input signal with a sinusoidal frequency of
1.59 MHz and an amplitude of 50 mV (peak). In contrast to the
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theoretical value of ¢ = 90°, the simulation results show a phase
difference between v;, and vy, of ¢= 92",

Figure 5 also shows the simulation outcomes for the gain and
phase frequency characteristics in comparison to the ideal curves.
The simulated f, is approximately 1.585 MHz, resulting in a
frequency error of 0.31 %. The simulation results clearly show that
they closely match the theoretical predictions, demonstrating the
usefulness of the suggested circuit. It is discovered that the
simulated power dissipation of the circuit is around 0.82 mW,
when the input v;, is kept grounded.

Gain Phase
(dB) (degree)
20 | 200

Simulated
---- Ideal

10 | 150

N

0+ 100
\
-10 1 50 \

N

1k 10k 100k 1M 10M
Frequency (Hz)

20 0
100M 1G

Figure 5: Ideal and simulated frequency characteristics of
the proposed phase shifter in Figure 3.

Figure 6 depicts the electronic tuning of Hy without altering the
¢-value by controlling the gnz-value. The values of the circuit
components for these settings are listed in Table 3. The sinusoidal
input waveform in these figures is 20 mV (peak) at = 1.59 MHz.
While gy = gnc=1 mA/V (Ip4 = Ipc = 100 pA) remains constant,
the values of g, are altered between 0.707 mA/V, 1 mA/V, and
1.414 mA/V (Igg =50 pA, 100 pA, and 200 pA). These facts lead
to the f-value being, respectively, 0.707, 1, and 1.414.

Table 3: Component values for electronic tuning of H, with Zgz.

Ipp gmB Ips=1Ipc | gmd = gmc yij
MA) | (mA/V) (nA) (mA/V) | (gm/gmc)
50 0.707 100 1 0.707
100 1.000 100 1 1.000
200 1.414 100 1 1.414

40 Zmp = IMA/V Zup = 1.414mA/V

20 P

[} \

ANV AN,
0\ M

Voltage (mV)
=)
—~

e o E%
T D
== —X«
'\'\ﬁ

v
-20 ‘
\VARY.(ARRY
G = 0.70TmA/N
40 - SO
6 7 8 9
Time (us)

Figure 6: Simulated transient waveforms of the proposed phase shifter
with tuning g, value.
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The simulated transient responses of the circuit and its
corresponding phase response are also shown in Figures 7 and 8
for three different values of gy, i.e., gn = gm = 0.707 mA/V, 1
mA/V and 1.414 mA/V (I = 50 pA, 100 pA, and 200 pA). The
computed values of ¢ were determined to be, respectively, 70.5°,
90°, and 109.4°. The measured ¢ values based on the simulation
results were 73°,92.1°, and 110.2°, respectively, which accord quite
well with the estimated values.

——_——Vpy gn=1mA/V
—--g,=0.707 mA/V | ----- gn= 1414 mA/V
30
20 1 :,’r'..“;'—\ ';,”I‘l \ !.’ "‘ ,’—\ 7’\1: \‘ W?},’
N 10 il 'A'“! \ /: ‘vy“ Y :/ i i-’/,', A\
E D R R\ R IV AR
Py AR VR AR I I L AR L
@ 0717 T\ AR Y R R R
3 _nl* e g N T s
AW N Ny N NS
220 _l" ’ ‘&j v ' \ ' l' \I\ \'M'g'
=30 7 8 9

Time (us)

Figure 7: Simulated transient waveforms of the proposed phase shifter
with tuning g, value.

200
N
150 N
s
o gn = 1.414 mA/V
oy
< 100
o
2 gn =1 mA/V
£ p
30 gn = 0.707 mAIN
NN
0 g
1k 10k 100k M 10M 100M 1G

Frequency (Hz)

Figure 8: Simulated frequency characteristics of the proposed phase shifter
with tuning g, value.

Gain Phase
(dB) (degree)
20A 200
N\
10 150
0 100 \
10 50 ‘
\
\"'ﬂs-
204 0
1 10k 100k M 10M 100M 1G
Frequency (Hz)

Figure 9: Monte Carlo statistical analysis for the frequency responses
of the proposed phase shifter circuit with 5% capacitor tolerance.

In order to demonstrate the impact of capacitor tolerance on the
gain and phase responses, a Monte Carlo analysis with a hundred
runs is performed for the proposed phase shifter circuit given in
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Figure 3. It is supposed that the value of capacitor C will change
uniformly by 5%. Figure 9 depicts the simulated frequency
responses of Monte Carlo statistical analysis. In addition, the
results of the Monte Carlo analysis indicate that the mean and
sigma of f, are approximately 1.589 MHz and 2.204 x 10,
respectively. It can be clearly seen from Figure 9 that the
capacitance tolerance has a minor effect on the frequency response
of the proposed circuit.

5. Experimental Measurements

Experimental measurement was used to validate the
practicability of the designed circuit in Figure 3. The schematic for
the practical implementation of the VDGA is shown in Figure 10
[25], using readily available IC dual-OTA LM13600s from
National Semiconductor [26]. For LM13600s, the DC bias
voltages are +V=-V=35V.

The proposed phase shifter circuit of Figure 3 was constructed
with the following component values: g, =1 mA/V (Igr= 100 pA)
and C = 1 nF. For time-domain analysis, the circuit was applied
with a sinusoidal input of frequency 159 kHz and of amplitude 50
mV (peak). The measured waveforms for v, and v, are shown in
Figure 11. The measured ¢is 92.8°, which is close to the theoretical
@ of 90°. Accordingly, the measured phase error is about 3.11%.
Figure 12 also shows the measured Fourier spectrum of the output
waveform vy, at 159 kHz.

po

no

LM13600

Figure 10: Practical realization of VDGA using readily available IC LM13600s

EIJUXWEIEIZE CN57102182: Fri Sep 30 1357:19 2022
112408/ 2 24.0%/

Acquisition
Vin Vout Normal
1.006Sa/s

e o oo
ERWAARWEARW A AWFAAWEA S

Math

Ch1 + Ch2
100mv/
\ 0.0v
~ hd : Ref

R1: 5.00v/ oov
R2: 5.00v/ 0.0v

i
[
| —1
e
L—
——
|
[
|7
—
[

g
LT
I
N

]

Pk-Pk(2):

100my

Figure 11: Measured time-domain waveforms of v;, and i;,
for the propose circuit in Figure 3.
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p 30 14:03:53 2022

1 1.767¢ 52.00%/ Stop £ 01 600%
=i T

KEYSIGH
TECHNOLOGIES
@ i Acquisition =

i Normal
50.0MSa/s
i Channels =
@ oC 1.00:1
oC 1.00:1
M B FFT i
m FFT(Ch2)

1
WWIWWWM i 1548/ 2.00MHz
WWMWWMM 68008 1.05MHe
B Ref #
it 0 0.0

02:03 PM

2 11 AY(FFT)
-13.000000kH: +76.92uH +120.000dB Sep 30, 2022

Figure 12: Measured spectrum frequency of v,,, at 159 kHz (No.1: Frequency =
159 kHz, Gain = -28.91 dB, and No.2: Frequency = 479 kHz, Gain =-29.13 dB)

The next observation on the circuit is carried out on its
frequency response characteristic. The measured frequency
responses in comparison to the theoretical responses are given in
Figure 13. The measured value of £, is found to be 158 kHz, which
corresponds to the frequency deviation of 0.63%. The
experimental testing results show that while the gain response is
essentially constant up to the working frequency of roughly 4 MHz,
the phase characteristic is found to change with frequency, as
predicted. The difference between measured and ideal curves in
the high-frequency region is predominantly attributable to the
gain-bandwidth product of the IC OTA LMI13600s used to
implement the circuit [26]. Obviously, higher-speed active devices
could produce superior frequency responses.

Phase Gain
(degree) (dB)
200 20 T
e SRR L ---- Theoretical
RS
SR Experimental
150 4 ~
10
100 - \
0 — RN
50 - N
i
-10 B
0 4
-50 =20
1 10 100 1000 10000

Frequency (kHz)

Figure 13: Theoretical and measured frequency responses of
the propose circuit in Figure 3.

6. Quadrature Oscillator Application

The quadrature oscillator (QO) circuit can be simply
implemented by utilizing the proposed phase shifter circuit, as
shown in Figure 14. In the configuration, VDGA?2 and C, create a
simple lossless integrator. The following relationship describes the
characteristic equation of the QO circuit:

S+ LBy Bunu |
¢ G C,C,

WWww.astesj.com

(12)

o Vo2

il L Il
P — W X

1

Figure 14: Quadrature oscillator implemented with the proposed circuits.

From the characteristic equation in (12), the condition for
oscillation (CO) is satisfied at

BG (13)
CZ
and the frequency of oscillation (f;) is obtained as:
f = @, :L Ena8mpt (14)
2r 27\ CC,

The equation for the relationship between the produced
quadrature signals is

Vo)

Obviously, both quadrature voltages v,1 and v, are ideally
shifted by a phase (¢) of 90". It may also be observed that g1 and
C> have a direct impact on the amplitude ratio of the quadrature
voltages. Therefore, it follows that the output voltage amplitude of
the QO can be controlled by the values of g,.41 and C,. When the
frequency is altered, equal voltage amplitudes can be achieved by
changing g1 while maintaining C,.

Enai

wC,

e . (15)

EDU-X 100265, CNG7102182 Sun Oct 09 03,0513 2022
1 2SI0s 2

Acquisition

vV, Normal
ol Vo2 1.0065a/s

Channels
oc 1.00:1
oC 1.00:1

)\
g =

FFT(Ch2)
1748/ 1.00MH:
76348 505kH:

fl Ref i
R1: 5.00V/ 0.ov
RZ 600V 0OV

Figure 15: Measured waveforms of the developed QO circuit at v,; and v,,
outputs.

The following values were chosen for the circuit elements in
order to test the functionality of the QO circuit in Figure 14. The
selection of g = 1 mA/V (I = 100 pA) and Cy= C;, = 1 nF for
all transconductances and capacitances results in f, = 159 kHz.
Figure 15 shows the typical waveforms measured at v,; and vy
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output terminals with £, = 159.08 kHz and ¢ = 95°. The resulting
deviations for f, and ¢ are 0.05% and 5.55%, respectively. The
differences from ideal values are mainly attributed to the non-ideal
gains and parasitic elements of IC LM13600s, which are described
in Section 3. In Figure 16, the corresponding Lissajous figure of
the QO circuit is also shown. Figure 17 illustrates the measured
spectrum frequency of v, of the QO circuit, with the
corresponding frequencies and gains at various spectra listed in
Table 4. All the results support the practical usefulness of the
proposed phase shifter circuit in implementing the quadrature
oscillator.

EDU-X 10026, CNS7102162: Sun Oct 09 03,0600 2022
| 2309/ 2 25.0W Stop XY

T A
Aequisition
Mormal
1.00GSa/s

Channels
[ 1.00:1
il 1.00:1

i Ref
Atz G.00v/

Freq(1) Pk-PK(1): Pk-PK(Z) |Phasa[ 17 03:06 AM
159, OkH: 97my aimv 95° Oct 09, 2022

Figure 16: Lissajous figure of the developed QO circuit in Figure 14.

I 9005 4300 Stop 1 DOV
i - KEYSIGHT
@ TECHNOLOGIES
(= Acquisition =

Normal
10.0MSals

Channels
oc 1.00:1
oC 1.00:1

B FFT
FFT(Ch1)
1.00MHz
B &

17dB/

03:28 AM
Oct 08, 2022

174X AY(FFT):
£.000000kH: +125.00uHz 136.00048

Figure 17: Measured spectrum frequency of v,, at 159 kHz.

Table 4: Frequencies and gains at different spectrums of Figure 17.

No. Frequency (kHz) Gain (dB)
1 159 -30.798
2 318 -79.650
3 478 -63.720
4 620 -86.022
5 770 -88.677
6 796 -89.208

7. Conclusions

The paper describes the design of the compact resistorless
tunable phase shifter circuit. The described phase shifter circuit
requires only one VDGA as an active component and one floating
capacitor, resulting in a resistorless architecture and ease of
integration. Electronic tuning of the important features of the
resulting design, such as the passband gain (H)), pole frequency (f,)

www.astesj.com

and phase response (¢), is possible by modifying the g,-values of
the VDGA. The non-ideal analysis of the VDGA was also carried
out. The voltage-mode quadrature oscillator has been used as an
illustrative application for the proposed design. PSPICE
simulation data with TSMC 0.25-um CMOS model parameters
have been performed to support the theoretical research. In
addition to validating the practical circuit behaviors, experimental
measurements with commercially available IC LM13600s have
been included.
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