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Abstract. Current-mode (CM) and voltage-mode (VM)
multiphase sinusoidal oscillator (MSO) structures using
current backward transconductance amplifier (CBTA) are
proposed. The proposed oscillators can generate n current
or voltage signals (n being even or odd) equally spaced in
phase. n+1 CBTAs, n grounded capacitor and a grounded
resistor are used for nth-state oscillator. The oscillation
frequency can be independently controlled through trans-
conductance (g,) of the CBTAs which are adjustable via
their bias currents. The effects caused by the non-ideality
of the CBTA on the oscillation frequency and condition
have been analyzed. The performance of the proposed
circuits is demonstrated on third-stage and fifth-stage
MSOs by using PSPICE simulations based on the 0.25 um
TSMC level-7 CMOS technology parameters.
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1. Introduction

Design of multiphase sinusoidal oscillators (MSOs)
has received great deal of attention in the fields of commu-
nications, signal processing, and power controllers.
Numerous techniques for designing a MSO have been
developed in the past two decades [1]-[17]. The circuits in
[1]-[3] use operational amplifiers (op-amps) as active ele-
ments while the MSO circuits in [4]-[7] employ second-
generation current conveyors (CClIls). The main drawback
of the circuits in [1]-[7] is use of excessive number of re-
sistors/capacitors. Moreover, in circuit of [1]-[3] some of
the passive elements are connected in floating form which
is not desirable from integrated circuit implementation
point of view. There are also MSO circuits based on using
current differencing transconductance amplifiers (CDTAs)
[8]-[12] which all of them operate in current-mode (CM)

(i.e. the output signals are currents). While the circuit in [8]
has the advantage of using only grounded capacitors, the
circuits in [9]-[10] employ floating capacitors/resistors. In
addition the circuit in [9] requires excessive number of
active elements (two for each phase) which increases the
total power consumption. The MSO circuits of [11]-[12]
employ multi-output CDTAs which increases the com-
plexity of the active elements as well as the total power
consumption.

There are also MSO circuits based on current differ-
encing buffered amplifier (CDBA) [13], and current ampli-
fiers [14]. Moreover, CM MSOs circuits using bipolar
junction transistors (BJTs) have been recently introduced
in [15]-[17]. However due to the use of BJT technology the
oscillation frequency is strictly temperature-dependent.

The most important features in the design of a MSO
circuit can be summarized as follows:

(a) Number of active component per phase,

(b) Number of R+C per phase,

(c) Use of only grounded C,

(d) Use of only grounded R,

(e) Realizing odd and even number of phase,

(f) Electronic tunability,

(g) Free of matching between passive components,
(h) Low-output impedance for VM,

(i) High-output impedance for CM.

In this paper we present novel voltage-mode (VM)
and current-mode (CM) MSOs with an arbitrary n number
of the signals equally spaced in phase. They are con-
structed by cascading lossy integrators and an inverting
amplifier implemented with a recently introduced active
element namely current backward transconductance ampli-
fier (CBTA). Therefore, n+1 CBTAs, n grounded capaci-
tors and one grounded resistor are used for realizing n-state
oscillators. A comprehensive comparison of the proposed
MSO circuit and previously reported ones based on the
above mentioned features is given in Tab. 1.
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Ref. @ [ ® | © © 0] @ | O 0
[1] 1 3+1 Yes Yes No No Yes NA
[2] 1 2+1 No No No No Yes NA
[3] 1 3+1 No Yes No No Yes NA
[5] 1 2+1 Yes Yes No No No No NA
[6] 1 1+2 Yes Yes No No No No NA
[7] 1 2+1 Yes Yes No No No NA
[8] 1 0+1 Yes Yes Yes Yes NA Yes
[9] 2 0+1 No Yes Yes Yes NA Yes
[10] 1 2+1 No Yes Yes Yes NA Yes
[11] 1 0+1 Yes Yes Yes Yes NA Yes
[12] 1 1+1 Yes Yes No Yes Yes NA Yes
[13] 1 2+1 Yes Yes No No Yes NA
[14] 1 0+1 Yes No Yes Yes NA Yes
[16] 1 0+1 Yes No Yes Yes NA Yes
[17] 1 0+1 Yes Yes Yes Yes NA Yes
Proposed VM MSO 1 0+1 Yes Yes Yes Yes Yes Yes NA
Proposed CM MSO 1 0+1 Yes Yes Yes Yes Yes NA Yes

Tab. 1. Comparison with previously published MSOs (*: No use of external resistor, NA: Not applicable).

2. Current Backward
Transconductance Amplifier

CBTA as a new active component was introduced in
2010 to provide new possibilities in the circuit synthesis
[18]. Several analog signal processing applications using
this active element have been reported in the literature
[18]-[27]. The circuit symbol of the CBTA is shown in
Fig. 1, where p and n are input terminals, and w, z are out-
put terminals. This active element is equivalent to the cir-
cuit in Fig. 1(b), which involves dependent current and
voltage sources. The CBTA terminal equations can be
defined as:

L= gm(s)( Vp_ Vn): V= /uw(s) V., Ip = ap(s)lwa I,= _(X,,(S)Iw(l)

where a,(s), a,(s) and u,(s) are respectively the current and
voltage gains ideally equal to unity. These parameters can
be expressed as () = Wap (1 = €4p)/(5 + gp),
0n(S) = Wan(1 = €)/(S + Wan),  tu(s) = @, (1 —&,)/(s + @)
with |g,| <<1, [em|<<1, and [g,| <<1. In addition
2i(S) = 8o0gn(1 — €gn)/(s + wg) Where |eg,| << 1. Here, g,
is the DC transconductance gain, &, and &, denote the
current tracking errors, g, denotes the voltage tracking
error, &, denotes the transconductance error and @, Wy,
Wgm, @, denote the corner frequencies.
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Fig. 1. (a) Block diagram of CBTA, (b) equivalent circuit of
the CBTA.

Z IH

The number of z-output terminals of the CBTA can be
increased easily by extending current mirrors used in its
internal structure. In this case, the currents of the copied z
terminals (z.) are defined as I.=g.(s)(V,—V,). Mean-
while, the voltage at w terminal is dependent only to the z
terminal.

The CMOS implementation of the CBTA is given in
Fig. 2 [23]. The dimensions of the MOS transistors used in
the CBTA implementation are given in Tab.2. As seen
from Fig. 2, the transistors M;—M3, are used for realizing
the transconductance section, and the transistors Mss—My,
are used for realizing the z-copy current section, while
transistors M;—M 4 form a current conveyor. In addition
transistors M;s—Mo are employed for biasing purpose. v;,
is the differential input voltage (v;, = v,~Vv,), i, is the output
current of the transconductance section and I is the bias
current. The gain of the current mirrors in the output stage
of the transconductance section is set to 4. Therefore, the
output current i, can be found as:

) W1,22
lp = 8mVin =| 4% [{ptCyy I : Vin 2)
\ 21,22

where u is the mobility of the carrier, C,, is the gate-oxide
capacitance per unit area, W, 5, is the effective channel
width, L, 5, is the effective channel length of the transis-
tors M21-M22.

PMOS Transistors W(um)/L(um)
M;-My 20/1
M;s 1/0.25
M6, Mi7, M3—Ma7, Moo 2.5/0.25
Mg, Msg, Mas—Mag 10/0.25
NMOS Transistors W(um)/L(um)
M, My, My3, My 10/1
Mio—Mip 2.5/1
Mg, My 0.5/0.25
My 2.5/0.25
M1, My, 2/0.25
M;1, M3y 2.25/0.25
M;3, My, M3o-My, 10/0.25

Tab. 2. Dimension of the CMOS transistors.
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Fig. 2. CMOS implementation of CBTA.

3. CBTA-Based MSOs

The generalized structure of an n-phase sinusoidal
oscillator is shown in Fig. 3 [1], [2], [4], [7]. It consists of
n cascaded lossy integrators and a unity gain inverting
amplifier in a closed loop. For lossy integrator sections £ is
the low-frequency stage gain, and 7T is the system time
constant [1]. The system loop gain is given by:

Ve (kY
=5~ [HTJ ' )

|l

Ll =
1+7s 1+Ts

v 1+75 1+Ts

Fig. 3. Generalized block diagram of an n-phase sinusoidal
oscillator.

For oscillation to sustain, the Barkhausen criteria
must be satisfied [28]:

k n
T

s=jw,

That is
(I+jo,T)" +k" =0. 5)

Equation (5) can be rewritten as:
. -1 .
(1+ng2 )n/2 Lm0 _ g jr (6)

Thus the oscillation condition (OC) and oscillation
frequency (OF) are found as:

1
OC: k=(1+w.T*)?,

OF: o, :ltan Zl.
T n

Substituting w,, of (7b) in (7a) gives:

oC: k =[1+tam2 (%ﬂz (8)

(7a)

(7b)

From (8) it can be seen that the oscillation condition
depends on the number of the oscillation phases, 7. It is
obvious that the oscillation occurs when n > 3. The output
number of the oscillator is n, each output voltage V,, is
shifted in phase by 180°/n.

The CBTA realization of the MSO constitutes of two
sub-circuits, i.e. lossy integrator and inverting amplifier
shown in Fig. 4. The voltage gains of the circuits in
Figs. 4(a) and 4(b) can be found respectively as:

VU, — Hw8mi /Cl — 1 (93.)
V.,  s+u,g,/C C;
0; womi' ~i | 4¢
Hw& mi
and
V
7(? = _/uwgmfRf =-K (9b)

1

where g, is the transconductance of the CBTA used in the
inverting amplifier of Fig. 4(b). Moreover, from (9b)
K = p,.gnRris the gain (in magnitude) of the VM inverting
amplifier shown in Fig. 4(b).

- ) P = 0;
ol (N N [ CBTA
1+75 - z @ s
1+
@) CiI
v, -
]'i ‘-[J : D_l 1—
— n
o— <KX e =
CBTA
Z w ‘.D

(b) ﬂ J:‘ -
Ry

Fig. 4. Sub-circuits and their realization using CBTA: (a) VM
lossy integrator, (b) VM inverting amplifier.

The general realization of arbitrary n-phase sinusoidal
oscillator can be easily realized by interconnecting the
above CBTA-based sub-circuits as shown in Fig. 5a. The
resulting VM circuit is shown in Fig. 5b.

The closed loop gain of the circuit in Fig. 5(b) can be
expressed as:



RADIOENGINEERING, VOL. 22, NO. 1, APRIL 2013

27

n n
1 1
L(s) ==ty Ry | ——o— | =—K| ———| (10
G i
I+s I+s
HywEmi HywEmi
(!; -K
X i an Vnz \';m-l v on
0 gl g OO oy | M
Vi, 147 1+7s 1+Tx 147
(@)
L T
w P
CBTA
z n
L
Ry
v, Yoy Yop Yoy .
[ ] [ | C
2 " P " 2 "
CBTA CBTA CBTA
z w z w z w
L L gy —
LT T LT
L L L
(b)
Fig. 5. (a) Generalized block diagram of the proposed n-phase

sinusoidal oscillator. (b) Proposed voltage-mode

CBTA-based MSO.

For oscillation to sustain, the Barkhausen criteria
must be satisfied, that is:

n

G P (11)

Hyw8mi

Therefore, the oscillation condition and the oscillation
frequency are found from (11) as:

2C2 n/2
0C: K :[1+w"—i2j : (12a)
Hyw8mi
OF: w, :Mtan(ﬁj. (12b)
C n
Substituting w, of (12b) into (12a) gives:
. nl/2
oC: K =[1+tan2(—)} (13)
n

Further, from (12b) and (13) it can be seen that the
oscillation frequency can be independently controlled
through equal valued g,; parameters which are electroni-
cally adjustable by changing the bias currents of the
CBTA:s.

The output impedance of the proposed structure can
be found as:

z, :an_ //me //Zwi . (14)
In ideal case z, = 0, thus Z, = 0.

The second proposed CBTA-based MSO circuit
which operates in current-mode can be obtained using two
sub-circuits shown in Fig. 6.

The current gains of the circuits in Figs. 6(a) and 6(b)
can be found respectively as follows:

I, /C,
i — al’lg’nl 1 — al’l (15a)
I, s+g,,/C; 1+5C;/ g,
and
10
0 _- o R =-K 15b
I SRy (15b)

where g, is the transconductance of the CBTA used in the
inverting amplifier of Fig. 6(b). From (15b) K =g, R,
which is the gain of the CM inverting amplifier shown in
Fig. 6(b).
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Sub-circuits and their realization using CBTA: (a) CM
lossy integrator, (b) CM inverting amplifier.

Fig. 6.
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Fig. 7. Proposed current-mode CBTA-based MSO.

The general realization of arbitrary n-phase sinusoidal
oscillator can be easily realized by interconnecting the
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above CBTA-based sub-circuits in accordance to the block
diagram of Fig. 3. The resulting circuits are shown in
Fig. 7. The closed loop gains of the circuits in Fig. 7 can be
expressed as:

a,

[04
L(s)=—g R|—%n | gl % | (5
(5) =8 ‘{l+sCi/ng Lﬂci/gmj (16)

For oscillation to sustain, the Barkhausen criteria
must be satisfied, that is:

n
K — % |
14+5C;/ g,

Therefore, the oscillation condition and the oscillation
frequency are found from (17) as:

222
oC: K:an”[l+w" S J :

amn

(18a)
Emi
OF: @, = &1 tan(%). (18b)
C; n
Substituting @, of (18b) into (18a) gives OC:
-n 2( T E
K=a, [l + tan [—H 19)
n

Again from (18b) and (19) it can be realized that the
oscillation frequency can be independently controlled
through equal valued g,; parameters which are electroni-
cally adjustable by changing the bias currents of the
CBTAs.

The output impedance of the proposed structure can
be found as:
i=1,2,....n

Zoi:Rzi//(l/SCzi)a (20)

where R, and C, are the z-terminal resistances and capaci-
tance of the CBTAs. In ideal case Z,; = 0.

4. Simulation Results

To verify the proposed MSOs, the CBTAs are simu-
lated using the CMOS-based CBTA circuit shown in Fig. 2
with DC power supply voltages equal to Vpp=-—Vss=
1.5 V. The simulations are performed by using the PSPICE
based on 0.25 um level-7 TSMC CMOS technology pa-
rameters. Some of the technology parameters used in
PSPICE simulations are given as follows: threshold voltage
Vo = 0.3894 V, low field mobility Uy = 302.356 cm*/Vs,
and gate oxide thickness 7, =5 714-10° m for the NMOS
transistor in  addition to Vyyy=-0.567V, U=
107.1614 cm’/Vs, and T,,=5.714-10°m for the PMOS
transistor.

In this simulation, the voltage-mode MSO circuit of
Fig. 5(b) for n =3 is designed with the passive component
values of C;,=C,=C;=50pF and R,=16kQ, all bias
currents of the CBTAs are chosen as 50 #A (g,, = 0.5 mS).

Fig. 8 shows the voltage outputs of each stage in the
MSO. In this case (n =3) with all the above parameters,
the oscillation frequency is obtained as 2.56 MHz from the
simulation which is close to the theoretical value of
2.756 MHz. The phase differences among the outputs for
n=3 is in the vicinity of 120 degree. It should be men-
tioned that no amplitude limiter circuit is used so the output
voltage at v, is a little distorted. The THD values for v,,
Voa, Vo3 Voltage outputs are 2.1%, 1.7% and 0.75%, respec-
tively.

The simulation results for » = 5 with same component
values (except R, which is 5.8 kQ) is also given in Fig. 9.
The oscillation frequency is obtained as 1.13 MHz from
the simulation which is close to the theoretical value of
1.156 MHz.

The FFT spectrum of the each output signals for n =3
are shown in Figs. 10-12. As seen from Figs. 8-12, the
oscillations are observed to be quite stable and the simula-
tion results confirm the workability of the proposed oscil-
lator circuit.

0.3

=
i

Voltage Outputs (V)

.
<
i

-0.3

. T T
18us 11us 12us

T T
13us 14us 15us

Time

Fig. 8. Output voltages of the proposed VM MSO for n = 3.
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Fig. 9. Output voltages of the proposed VM MSO for n=5.

For the current-mode MSO circuit, the simulations are
repeated. The MSO circuit for n =3 is designed with the

passive component values C;=C,=C;=10pF and

N R,=16 kQ, all bias currents of the CBTAs are chosen as
50 uA (g, =0.5mS).

Fig. 13 shows the current outputs of each stage in the

J J_ NI R N B TN RO T E PO MSO. In this case (n=3) with all the above parameters,

0 " 20MHz 401\1‘112F1_eque1:\(__*0f\1112 SOMHz  100MHz  the oscillation frequency is obtained as 10.8 MHz from the

’ simulation while the theoretical value is 13.77 MHz. The

Fig. 10. FFT spectrum of the sinusoidal voltage output v,;. difference between theoretical and simulated values can be

attributed to the parasitic effects of the CBTAs. The phase

differences among the outputs for #» = 3 is in the vicinity of
120 degree. The THD values for iy, iy, i3 voltage outputs
are 5.57%, 1.93% and 0.98%, respectively. The FFT spec-
trum of the each current output signals for » = 3 are shown

in Fig. 14. As seen from Figs. 13 and 14, the oscillations
J J | are observed to be quite stable and the simulation results
i d el bl apde e thrrtle bbbt confirm the workability of the proposed current-mode

20MHz 40MHz GOMHz SOMHz  100MHz . .
Frequency oscillator circuit.
Fig. 11. FFT spectrum of the sinusoidal voltage output v,. Due to the non-idealities of the CBTA, some discrep-

ancies exhibit between theoretical and simulation results as

shown in Figs. 8-14. In order to find operating point and
non-idealities of CBTA, the PSPICE simulations are also
done by using above mentioned transistor model. As
aresult, corner frequencies are w,, = 5300, w,, = 6000,

Wgn = 5000 and w, = 3015 Mrad/s and errors of these gains
J J are &, =-0.0142, ,=0.003, &,=0.0184 and
LAl JJ b oo ddodsebredbrritorlomdbraipos bt g, =—0.0035. For low-frequency application a,, a,, g, and

HOMHz AOMHz S0z SOMHz - L00MIZ ), can be assumed to be the constants with values
1-6,,=1.0142, 1-¢,=0.997, 1l-&,,=19816 and

Frequency
Fig. 12. FFT spectrum of the sinusoidal voltage output v,;. 1_8# =1.0035, respectively.
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Fig. 13. Current outputs of the proposed CM MSO for n = 3.
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Fig. 14. FFT spectrum of the sinusoidal current outputs.
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Fig. 15. Variation of a) the transconductance gain, b) voltage
gain c), d) currents gain of the CBTA versus fre-

quency.

Therefore, the maximum operating frequency of the
CBTA can be found as follows foa.=min{fs,, fou fom
J.} =480 MHz. The frequency responses of the transcon-
ductance gain |g, |=[1./(V,-V,)|, the voltage gain

| 0, [=1V,,/V. |, and the current gains |a,|=[1,/1,],

|e, | 1,/1, |are given in Figs. 15 (a-d), respectively.

The DC transconductance transfer characteristic of i,
against v,-v, when g, =0.5mS, and DC voltage transfer
characteristic of v,, against v, are shown in Fig. 16a. For
this simulation, a DC voltage sweep between
-1V <(v,— v,) <1V was applied to the p and » terminals
of the CBTA. The output z terminal current is measured
while 1 TQ resistor is connected to the w output of the
CBTA and the output z terminal is grounded. As a result,
the CBTA works linearly between —200 pA <i, <200 uA
and —0.4 V <v,—v,<0.4 V with an error less than 1 % for
2,=0.5mS.

The DC characteristics such as plots of v,, against v,
for the proposed CBTA are obtained as shown in Fig. 16b.
For this simulation, a DC voltage sweep between
-2V <v,< 1.5 Vis applied to the z terminal of the CBTA.
The output w terminal voltage is measured while 1 TQ
resistor is connected to the w output of the CBTA and the p
and » terminals are grounded. As a result, the CBTA works
linearly between —1.5 V <v,, <1V with an error less than
1 % for g,,= 0.5 mS.

The DC current transfer characteristics of i, and i,
against i,, for the proposed CBTA are obtained as shown in
Figs. 16¢c and 16d. For these simulations, a DC current
sweep between —1 mA <i,<1.5mA is applied to the w
terminal of the CBTA. The input p and n terminal currents
are measured while the z, p and n terminals are grounded.
As a result, the CBTA works linearly between
—750 mA <i,<1.3mA and —750mA <i,<1.1 mA with
an error less than 1 % for g,,= 0.5 mS.

The simulation results also show that the values of the
transconductance gain g,, of the CBTA are between 28 uS
and 1.2 mS.

The CBTA has parasitic resistances and capacitances
as shown in Fig. 17. The parasitic resistances and capaci-
tances values of the CBTA are given in Tab. 3.
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Fig. 16. a) The transconductance transfer characteristic
i.=gu(vy-vs), b) The voltage transfer characteristic
vy=V;, ¢) The current transfer characteristic i,=1i,,
d) The current transfer characteristic i, = -i,.

Fig. 17. Parasitic resistance and capacitance of the CBTA.

Parasitic Impedances Values
R, 53 kQ
R, 67 kQ
R, 403 kQ
R. 415kQ
R, 19.6 Q
G 75 F
C, 990 fF
C. 430 fF
C. 56 fF

Tab. 3. Parasitic impedances of the CBTA.

5. Conclusion

Novel current and voltage-mode versatile generalized
n-phase sinusoidal oscillator structures using CBTAs are
proposed. The proposed circuits use grounded resistors and
capacitors which are suitable for IC implementations. They
generate n current or voltage signals which are equally
spaced in phase, n can be chosen as even or odd number.
The oscillation frequency can be electronically controlled
using bias currents of CBTAs.

The above properties make the proposed MSOs
attractive for circuit designers and engineers.
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