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Abstract: A transconductor using bias offset technique
is known as a linear MOS transconductor. The linear-
ity is deteriorated by nonideal factors. Major deteriora-
tion is caused by mobility degradation from an effect of
vertical field. This paper proposes a linearization tech-
nigue of the MOS transconductor following change of
operating range. This technique improves the linearity
of transconductance characteristic by adding two MOS-
FETs operating as resistors and a source follower to the
conventional circuit.

1. Introduction

A transconductor is a fundamental building block for
analog signal processing circuits, such as filters, mul-
tipliers and oscillators. The transfer characteristic is
desired to be linear. However, the linearity is deterio-
rated by nonideal factors. Major deterioration is caused
by mobility degradation from an effect of vertical field.
Severa methods to improve the linearity have been
proposed[1]-{4]. This paper proposes a linearization
technigue of the MOS transconductor following change
of operating range and gain. The modified conventional
circuits are based on the bias-offset transconductor[5],
which is shown in Fig. 1. This technique improves the
linearity of transconductance characteristic by adding
two MOS transistors operating as resistors and a level
shift circuit to the conventional circuit.

2. Conventional Circuit

Figure 1 shows the conventional circuit configuration of
bias-offset transconductor[5]. Assuming that the drain
current of an MOS transistor obeys the square-law char-
acteristic, the drain currents of M1-M4 are expressed as

Ipi = Kn(V — Vs — V)2

Ips = KN(Vg — Vs — VN )? (1)
Ips = Kn(VL — Vg — Vs — Vrn)?

Ips = KN(Vg — Vg — Vs — Vpn)?

where K is the transconductance factor, V- is the
threshold voltage, Vs is common-source voltage of M1-
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M4, respectively. Solving Eq.(1), the common-source
voltage, Vg are eliminated. The output current Ioyr IS
expressed as

Iovr = (Ip1 — Ip3) — (Ip2 — Ipa). 2

Assuming that the input voltages are fully differential
signals, input voltage V; v is expressed as

ViN=V, - Vg
Vi + Vg =0.

From Eq.(1)—(3), the output current Ioyr is expressed
as

©)

Iour = 2KNVBVIN. (4)
The transconductance G, is expressed as
dloyr
G, = = 2KN V5. 5
AVin ~NVa ©)

From Eq.(5), assuming that the drain current of an MOS
transistor obeys the square-law characteristic, the trans-
fer characteristic GG,,, of the conventional transconductor
islinear regardless of theinput voltage V. The condi-
tions that four MOS transistors operate are given by

v
VB—I—Vs—FVTNS%ﬁ—VB—Vs—VTN. (6)

From Eq.(6), the operation range of the transconductor
is expressed as

1
Vin| < 5 (

where Ig isthe tail current. From EQ.(7), the operation
range of the transconductor can be adjusted by the tail
current Ig.

The output current Ipyr changes nonlinearly be-
cause of mobility degradation from vertical electric
field. Considering mobility degradation, transconduc-
tance factor K. isgiven by

I 2
s 3Vg Ve )
2K 4 2

Ky

K. =
7 1+ Q(VGS — VTN)

(8)
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Figure 1. Conventional transconductor

where 6 is mobility degradation factor. Considering mo-
bility degradation, the drain currents of M1-M4 are ex-
pressed as

9

From Egs.(3), (9), the output current Ioy is expressed
as

16KnVe((Ve +2Vsr) — 2)0ViN

LouT = 49 1 2)(BO — 2)((A + 2Vi)6 + 2)((B + 2Vis)6 — 2)
(10)
where Vs, A, and B are given by
Vsr = Vs + Vrn
A=Viny— Q(VS + VTN) (11)

B =Vin +2(Vs + Vrw).

Differentiating Ioyr with respect to Vy, we obtain
transconductance G,,,. Figure 2 illustrates the numeri-
cal simulation results of the transconductance simulated
considering the effect of mobility degradation and ideal
onefor Vg = 0.1[V], Is = 100[pA], # = 0.197. This
figure shows that Linearity of transfer characteristicsis
deteriorated by mobility degradation.

3. Transfer Characteristic

Figure 3 shows the circuit configuration of the proposed
circuit. The transfer characteristic is adjusted by resis-
tance of M5 and M6 operating as resistors. Resistances
of M5 and M6 are tuned by Vg which is the voltage
difference between Vg and Vz. The optimal condition
for Vg is obtained by the maximally flat approxima-
tion[8]. This condition is satisfied by M7, which is a
source follower.
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Figure 2. Simulation results of transconductance charac-

teristics considering only mobility degradation
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Figure 3. Proposed transconductor

3.1 Output Current

Because M5 and M6 are operating as resistors, the drain
currents are expressed as

V
Ip =2Kny(Vos — Ve — %S)VDS-

(12)
Thereciprocal of thevalue of differentiated Eq.(12) with
respect to V;y is the resistance of M5 and M6. The
resistance R is expressed as

1

Vi
QCMKN(VCS —Vrn — 712)5) — aKnVps

R=

(13)

where « is aspect ratio of M5 and M6. From Eq.(13),
the resistance of M5 and M6 can be adjusted by V.
Assuming that M5 and M6 are the resistors, the drain
currents of M1-M4 are expressed as

Ipy = 1+6(Vi —[;NIDl —Vsr) (Vi 4 Rlon = Vor)"
Ips = 1T 0(Vn —l;NIDS ~Ver) (Vi 4+ RIps — Vsr)?
Ip2 = 14+0(VL 4[-(];]/5 —Vsr) (Ve + Vs = Vsr)*

Ips = 1+6(Vr +];]/B —Vsr) (Ve +Ve - VST)Z‘ (14)



Table 1. Optimum values of R [2]

v O 15 50pA  100pA  150pA  200pA
01V 381 284 238 210
02V 682 552 445 3%
03V 940 732 630 556
04V 1178 924 801 723

The output current 1oy of the proposed circuit is ex-
pressed as

Iovr = (Ips — Ip1) — (Ipa — Ip2).  (15)

From Egs.(3), (14), and (15), the output current Ipgr is
expressed as

1
KyR+0)
16 Kn (KN + 0)
0(A6 — 2VE6 — 2)(B6 + 2VE6 + 2

4K% R
0

20

R

T -
ouT 4(

+

))V“V

(\/(BO +2)2+8AKNR

1
R

—/(40 —2)2 — SAKNR)
(16)

where Vs, A and B are given by Eq.(11). Differentiat-
ing Eq.(16) with respect to V;x gives transconductance
G-

3.2 Linearization

The optimal linearization condition for R is obtained by
the maximally flat approximation[8]. Using Maclaurin
expansion, G, is expressed as

Gn(Vin) =

G (0) + 707,{!(0) Viny + S0

¥
50 Vin + SOV 4

(17)

Because G,,, isan odd function, Eq.(17) is expressed
as

12 (4)
Gm(0) V2, + GWZU(0> Vi . (18)

2!

Gm(Vin)=Gmn(0) +

In this case, the proposed circuit has only one parameter
R for linearization. Thusthe maximally flat conditionis
given by

G" (0) = 0. (19)

Solving Eq.(19) for R, the optimum values of R are ob-
tained. Table 1 shows optimum values of R for various
Ve and Is. Vpg of M5 is expressed as

Vps = Ip1R. (20)
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Table 2. Optimum values of 3

vy O 15 50uA  100pA  150pA 200uA
01V 9178 1082 1149 1184
02V 099 1660 1981 2170
03V 0187 03% 0572 0.691
04V 0001 0.051 0.293 0.273
xS 7
_ 18
>
4
>
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Eq.(23)
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Figure 4. Vg characteristics for Egs.(21), (23)

Eliminating Vpg from Egs.(13), (20), the condition of
Vs for linearization is given by

1

Ves = S RnR(EnE+0)

X <9 + KNR(I +a(l— (2KNR+0)Vs + 0Vr

—\/(VSTQ — 1)2 - 4KNRV5T))>
(21)

where Vg is expressed as

Ve — —KnVp —2KnVrn —
5 2K N

(22)

Subsutituting the optimum R in Table 1 into Eq.(21),
the linearization condition is obtained.

Eq.(21) is approximately realized by the source fol-
lower. The ratio of the bias current of the source fol-
lower to the tail current Ig is defined as 3. The voltage
of Vg of the source follower is given by

Ves = \/g VIs+ Vry. (23)

Figure 4 illustrates Vg of Egs.(21), (23). This figure
shows that the source follower is valid to realize the op-
timal condition adopting an adequate value of 5. Table
2 shows optimum values of 3 for various Vz and Is for
linearization.



Table 3. Transconductance error for 153=0.1[V]

Ig 100 nA 150 A 200 pA
Conventional 294% 36.3% 484 %
Proposed 952% 112% 121%
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Figure 5. Circuit configuration of proposed circuit

4. ssmulation

In order to confirm the validity of the proposed tech-
nique, SPICE simulation was carried out. The transcon-
ductance factors of NMOS and pMOS transistors for
W/L = 1 are 177[uS/V] and 40.7[1S/V], respectively.
The mobility degradation factors ¢ of nMOS and pMOS
transistors are 0.1973 and 0.036, respectively. Figure
5 illustrates the circuit configuration for SPICE simula-
tion. Figure 6 illustrates the transconductance charac-
teristicsfor different tail currents. The transconductance
errorsfor Vg = 0.1[V] arelisted in Table 3. It should be
noted that the proposed transconductor exhibit improved
linearity for each condition.

Figure 7 illustrate the frequency characteristics.
Comparing the simulation result of the conventional cir-
cuit and the proposed circuit, frequency characteristics
are amost the same.
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Figure 6. Transconductance characteristics of the pro-

posed circuit

536

Proposed
40 Conventional

30 [

em [ps]

20 -

10 | -mmmmenessessmsemmeeest -

10K 100K M 10M 100M

Frequency [HZ]

@ G

—60}

Phase [degree]

Proposed
-180F  iceeieeees Conventional

10K 100K M 10M 100M

Frequency [Hz]
(b) Phase
Figure 7. Freguency characteristics

5. Conclusion

This paper has proposed anew linear M OS transconduc-
tor based on the bias-offset transconductor for variable
operating range. In order to confirm the validity of these
methods, SPICE simulation was carried out. Simulation
results show that the proposed circuits have good linear-
ity for the variable operating ranges.
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