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1. Introduction

One of the widely used building blocks in analog and mixed-signal circuits is voltage follower [1]. The modern deep submicron CMOS
technologies have forced the researchers to design, low power high speed MOS voltage buffers. Moreover, the growth in portable
electronic devices imposes stringent requirements of low-voltage operation and fast settling response on these buffers.

Carvajal et al. [2] have introduced a voltage buffer, with high slew-rate and low static power consumption, known as flipped voltage
follower (FVF). A FVF cell can operate at low supply voltage and has almost unity gain (on neglecting the short-channel effects). It has been
shown in [2] that, a FVF cell has better performance than that of conventional voltage followers.

Due to its almost ideal voltage buffer performance, FVF has replaced the conventional voltage buffers in many circuits. The designers
have used FVF in current sensor, current mirrors, differential pair, OTA, instrumentation amplifier, arithmetic circuits, translinear loops and
many more low-voltage and/or low-power applications [2-7].

Recently several modifications of FVF are proposed to increase the signal swing and to reduce both supply voltage requirements and
output impedance [8-10]. Due to the explosive growth of multimedia communication systems, the demand of wideband voltage follower
has tremendously increased in many design topologies. But the area of bandwidth enhancement of FVF has not been much explored till
date, to the best of our knowledge. This paper focuses on the bandwidth enhancement of the conventional FVFE.

There are various techniques available to increase the bandwidth of a circuit: resistive compensation technique [11], capacitive
compensation technique [12], feedforward compensation technique [13] and inductive peaking technique [14]. In this paper we have used
inductive peaking technique to increase the bandwidth of the conventional FVFE.

Usually obtaining the wider bandwidth tends to require higher power dissipation for a given technology [15]. By using inductive-
peaking technique, the bandwidth of a circuit can be enhanced, without additional dc power dissipation [16]. Also, on comparison with
resistive compensation technique, inductive-peaking technique can provide bandwidth extension without deteriorating the noise
performance of the circuit [17]. Thus the proposed wideband FVF is suitable for low voltage high-speed operation.

In the work, we have introduced the proposed high frequency FVF cell in a low voltage current mirror [18] for performance
improvement. The analytical formulation of transfer function of the conventional FVF is given in Section 2. The small-signal analysis and
the output impedance of the proposed FVF are derived in Section 3. Section 4 proposes a low voltage current mirror, whose bandwidth is
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enhanced by using the FVF discussed in Section 3. The simulation results of all designed circuits are given in Section 5. Finally conclusions
have been drawn in Section 6.

2. Transfer function and output impedance of the conventional FVF

The conventional FVF circuit and its small signal equivalent model are shown in Figs. 1 and 2 respectively. To neglect the substrate-bias
effect and to simplify the transfer function derivation, it has been assumed that source of nMOS transistor is connected to its substrate and
simulations are also performed on the basis of same assumption [5].

In the analysis 1,1 and 1, are the resistances due to channel length modulation effect, Co51 and Gy, are the gate to source capacitances,
8gm1 and gn» are the transconductances of transistors M1 and M2 respectively. R, is the output impedance of the current source and vgy,
stands for gate to source voltage of M2.

On applying KCL at nodes (a) and (b) in the small signal model of the conventional FVF (Fig. 2), we get

Vout—V. Vv
SCgs1(Vout—Vin)+gm2Vgsz—gm1(Vin—Vout)+M+ =0 M
To1 T'o2
Voo —V, v,
M"‘scgszvgﬁ +£2+gm1 (Vin—Vout) = 0 (2)
To1 Rb
Ml
Vin
Vout
M2
" Vss
Fig. 1. Conventional FVE.
. _ Gl DI,G2 (3
Vin Vgs2
Cesl gm1Vgsl CD Tol
® Vout
® | 51,02 Ro
ngVgSZGD To2 — Cgsl
S2

Fig. 2. Small-signal equivalent model of conventional FVF.
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Using Eqgs. (1) and (2), the obtained voltage gain A,(s) of the conventional FVF is
A (S) _ (szcgﬂ Cg52r01 2raZRb +STo1 roZ{Cgsl (Rb +7o1 )+ Cgsngl role} +8m18&m2To1 2T02Rb +8m1To1 Zraz)
W(8) =
§%Cys1Ca52T01%102Rp +5701{Cos1702(Rp +To01) + Cgs2Rp (o1 +T02) + Cgs28miTo1702Rb} + & m18maTo12To2 Ry +
EmiTo1 27’02 Jrgmzrol roZRb + role +To1 (rol + Toz)

Assuming ro1=ry2=r, and Cgs1 =Cgeo=C,s in Eq. (3), we get

§% +5{((Rp+T0)/CasToRb) + (&1 /Ces)} +(Gm18ma/ Cos) + (1 /CosRy)

Ay(s) = .
TS24 5{(Ry+To)/CasToRy +(2/CasTo) + (1 /Ces)) + Gm18ma / C25) + @ma/ CosTo) + (& m1 /C2Rp) + (Rp + 21 /CAT2Ry)

Using the assumptions g, R,>1 and g,,,7,>1 (where,x=1,2) in Eq. (4) then, the transfer function is reduced to

52+ 5{(Rp+70)/CasToRp +(8m1 /Ces)} +(8m18m2/Cas”)

A = G SRyt 700/ CosToRo + ot/ Co) + it/ Cps?) + (R + 270/ C 21 Ry )
Also

(Ry+T7o) <gl1> _Ry+To+8mToRy _ (gﬂ>

CgstoRy Cgs CgsToRy — \ Cgs
Finally

A 5% +5(2m1/Cas) + (E€m18m2/Cas)

5% +5(8m1 /Cgs) +(€m18mz/ Cos) + (Rb + 2r0/C§5r02Rb)

It can be expressed as

s2t+ais+ay
s2+a,5+(az +Aay)

where, a; = (g1 /Ces), G2 = (€m1&m2/Cas”) and Ay = {(Ry+27)/Cys’To? Ry}
From Eq. (8), the zeros and poles of the conventional FVF are found to be

"Mz 1oa(®
21,2— 2 ]—|— 1 4<a%>:|

pu:*_a] 15 1_4<M>}

Av(s) =

2
2 a?

By definition [19], at @ = w,,
IAv(@o)|* = 0.5|A4(0)?

where |A,(0)>=1 of a voltage buffer.
From Egs. (7) and (11), the —3 dB frequency is given by

_ 2gm1gm2 Emi ’ Rb +2r0
wo = —= |\ -2 7
Cgs gs CgsroRb
It is shown in [2] that, the output impedance of the conventional FVF is

1
Em18m2To

Zoyr =

1177

3

4

)

6

)

®)

€))

(10)

a1

(12)

(13)

In this work, the conventional FVF cell is modified to achieve extremely large bandwidth and very low output impedance at high

frequency by using an inductive element in the feedback path, which will be discussed and analyzed in the next section.

3. Proposed wideband and high performance FVF

In this section we have modified the conventional FVF by adding an inductive element (Z) in the feedback path between drain terminal
of M1 and gate terminal of M2 (as shown in Fig. 3). On insertion of Z in the feedback path, the impedance of the path increases and thus it
directs the current to flow into the output node (which is a low impedance path) at high frequency. This increased current is available to
charge-up the output parasitic and load capacitances and thus reduces the rise-time at the output node [20]. The small-signal model of the

proposed FVF is shown in Fig. 4.
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Fig. 3. Proposed FVF.
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Fig. 4. Small-signal equivalent model of proposed FVF.

3.1. High frequency analysis of the proposed FVF

In the analysis the resistive or inductive element is denoted by Z which is employed in the feedback path of the FVF and vy, is the
voltage drop at the drain terminal of MOS transistor M1. On applying the KCL at nodes (a), (b) and (c) in the small-signal model, we get

Vout—V, Vv
SCqs1(Vout—Vin) +&m2Ves2—&m1 (Vin—Vout) JFMJFLM =0

14
To1 T'o2 a9

(Va1 —Vout) n (Va1 —Vgs2) 4V

o1 Z R, T8m Vin—Vou) =0 .

Vos2 —V,
( gs2 d1)+5Cg32Vg52 -0 (16)
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By using Eqgs. (14)-(16), the transfer function of the proposed FVF is found to be

szcgsl CgsZ To1 roZ{Z(Rb +To1) +Rbr01 }+STo1T02 {Cgsl (Rb +To1)+ Cgsngl To1 (Rb +Z)}
+8&m&maTo12T02Ry +&m1To1°To2
(SZ Cgs1Cgs2T01702{Z(Rp +T01) +RpTo1} +5T01{Cgs1702(Rp +101) + Cgs28m1To1T02(Ry +2Z) + Cgs2ZRp } + >

Ay(s) = (17)

2 2
Em18m2T01°To2Rp +8m1701°To2 +&maTo1702Rp

From Eq. (17) it can be observed that, the addition of a Z element in the feedback path of the FVF modifies the transfer function. This
modification depends upon the type of chosen element (Z).

In the paper, we have enhanced the bandwidth of the FVF by adding (i) an inductor and (ii) a series combination of a resistor and an
inductor in the feedback path.

3.1.1. Modification by adding an inductor in the feedback path
If Z is an inductor (sL) then, the Eq. (17) transforms into

53 To1T02 Cgsl CgsZL(Rb +To1 ) + 52 7%1 To2 CgsZ (Cgsl Rb +8m1 L) +
<5ro] To2 {Cgsl (Rb + r01)+gml To1 CgsZRb} +gm1 7%1 To2 +gm1gm2r§1 roZRb )

s To1T02 Cgsl CgsZL(Rb +To1 ) +52 To1 CgsZ {ro1702 Cgsl Rb + L(T01 +To2+ Rb) +8&m1To1 roZL} +

ST1{1'02Cgs1(Rp +T01) + Cgs2Rp(To1 +702) +&m1T01702 CgsaRp } +

Em1Ta1T02 +&m2To1702Rb +&m18maT1To2Rb +To1(Fo1 +To2 +Ryp)

Av(s) =

(18)

Note that, the added inductor has no effect on the DC characteristics. The modified FVF has a third-order transfer function. The effect of
using an inductor in feedback path is to transform 2nd order transfer function into 3rd order (i.e. it adds a zero and a pole to the transfer
function), which allows more control over the frequency response of the FVF [21]. With the assumptions 11 =7,3=T, and Cgs; =Cgs2="Cgs,
the transfer function is simplified into

(5?73 Cys(CgsRp + 81 L) + 5702 Cas{(Ry +T0) + &miToRp} +&m1T2 +&m1&mal 2 Ry)
$216Cas{r0?CgsRp +L(2To +Rp) +&m1 2L} + 572 Cas{To + 3Ry + 1 ToRp} +
Em1 r¢37 +gm2r¢27Rb +gm1gm2rgRb +To(2T+Rp)

Av(s)~ 19

Since (2r,+Rp) < gn172, hence Eq. (19) is transformed into

5%+ 5{(Rp +To+&m1ToRb)/To(CgsRp +&m1 L)} + (€11 €maRb/ Cas(CesRp + & L)
52 +5{(3Ry+To+8m1ToRb)/To(CasRp + &1 L)}
+(Zm18m2Rb/Cas(CasRp +&m1 D) + (210 + Ry /70? Cas(CgsRy +&m1 L)

Av(s) ~ (20

The transfer function of the proposed FVF can be expressed as

sz+b1s+b0

A =g (b1 + Abq)s+ (bo + Abg)

21)

where

by — ((Rb+ro+gm1roRb)) Ab; = ( 2R, )
To(CgsRp +&m L) )’ T'o(CgsRp +8m1 L)

gmlngRb ) ( 2r0+Rb )
by = | =—2mem=—2 __ ) and Aby =
0 (CgS(Cgst +&mb) 0 10%Cys(CgsRp+8m1 L)

From Eq. (21) the zeros and poles of the modified FVF are found to be

Zi, 2_7191 {1 T, 1-4 (:"2” (22)
1

—(bi+Aby) | _ (bo +Abo)
Py, =127y 14| 20T270) 23
" 2 [ J <(b1 +Ab1)2>} 23)

From Egs. (11) and (20) the —3 dB frequency is given by

2 2
2 Em18m2Rp _2 210 +Ry — (Rotrot8mloR))™ 2R +
Cgs(CgsRy +&mi L) 102 Cos(CgsRp +&m1 L) To(CgsRp +gmL) To(CgsRp +&m1 L)
4 Ry(Ry +T1¢ +8m ToRp)
70?(CgsRp +&m L)

(24)
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3.1.2. Modification by adding a series combination of an inductor and a resistor in the feedback path
If Z (=R+s5sL) is a series combination of an inductor (sL) and a resistor (R), the transfer function of the improved FVF is given by

§%Cy51Ces2T 01702 {(SL+R)(Rp +T01) + RpTo1} + 5701702 {Ces1 (Rp +To1) + Cgs28m1To1(Ry + R+ L)}
+&m&maTo1°To2Ry +&mTo1%To2
SZCgS1 Cgs2T01702{(SL+R)(Rp +101) +RpT01} +5701{Cgs1702(Ry +T01) + Cgs28m1 701702 (Rp + R+SL) + Cgsa Rp(SL+ R)}
< +gm]gm2r012r02Rb +8&m1 r012r02 +8&m2To1 rosz )

Ay(s) = (25)

Using assumptions 11 =ro2=T, and Cgs1 =Cys2=Cgs and simplifying the transfer function, we get
53r¢2,Cg52L(Rb +10)+ Szrgcgs{cgs {R(Rp+10)+Rpro} +8m1Tol} +
512Cqs{Rp +To+&m To(Rp + R} +&m1€maTa Ro

Ay(s) = (26)

S3r2CEL(Ry +T0) + 85270 Cas{ToCas(R(Ry +To) +Ryro) + LRy + Gy 2L} +
Srocgs{ro(Rb + ro) +RbR+gm1 r(ZJ(R+Rb)} +gm1gm2r3Rb + ro(zro +Rb)

Let R, < g7 and performing some simplifications Eq. (26) is transformed into
S2+S(Rp+T1, +&m17o(Ry +R)/Ces{R(Ry +10)+RpTo}
+&m1Tol) +(€m1&8m2ToRy /Cas{Ces{R(Rp +10) +RpTo} +&m17oL})
<s2+s<ro(Rb+ro)+RbR+gmrﬁ(R+Rb)/rngs(R<Rb+ro>+Rbro)+gm1 r%L))

Av(s)= 27)
+(€m1&m2ToRp + 270+ Ry /ToCas{ Cas (R(Rp +T0) + RyTo} +Gm1ToL})
The transfer function derived in Eq. (27) can be expressed as

s24c1S+Co
s24+(c14Acy)s+(co+Aco)

Ay(s) = (28)

where
= < Rb+ro +grn1 TO(Rb +R) > = ( RbR )
' \Ces(R(Ry +To) +RyTo) + g ToL ' = \FoCas(RRy +T0)+RoTo) +EmiTo’L

Co= < gmlngroRb ) and ACO _ ( 21’0 +Rb >
Cgs{Cgs{R(Rb+ro)+Rbro}+gm1roL} rngS{Cgs{R(Rb+ro)+Rbro}+gm1roL}

From Eq. (28), the zeros and poles of the modified FVF are found to be

Zis= _TC‘ [1 T.,/1-4 (:lozﬂ (29)

_ (1 +Acy) |, 4 (co+Aco)
P12 = — {1 F.,1-4 ((61 +A61)2>} (30)

From Eqgs. (11) and (27), the —3 dB frequency is given by

2 8im1 8maToRy—(2r0 +Rp) +
ToCgs{Ces{R(Rp +10) +RpTo} +8&miTolL}

wpy =
0 ((RbR)Z*(ru(Rb + 7o) +8m1Te(Rp + R + 2R, R (Ry +10) + +gm1r§(R+Rb>))
(roCes(R(Ry + o) + RypTo) + g1 102L)?

€)Y}

On comparing Egs. (12), (24) and (31), it can be seen that, there is a very large bandwidth extension by using inductive-peaking
technique in the conventional FVF and this extension is obtained without affecting the mid-band gain of the FVF, which can be verified
from the transfer function of the modified FVF (Eq. (17)).

To implement the proposed FVF cell, on-chip spiral inductors can be used. However, it should also be noted that, the area efficiency is
the main concerned in case of inductive-peaking. The area efficiency can be improved by using multilevel spiral structure technique (as
a monolithically implementable structure) [22,23]. Alternatively inductor can be implemented using active device, for which various
implementations are available in literature [24-26].

3.1.3. Stability analysis

A FVF cell is a series-shunt negative feedback amplifier. The advantages of negative feedback include: gain desensitization, bandwidth
extension, impedance modification, and nonlinearity reduction. The stability of a single-input, single-output, linear time invariant control
system can be found by Routh-Hurwitz criterion [27]. The Routh-Hurwitz stability criterion states that the number of roots with positive
real parts is equal to the number of changes in sign of the coefficients in the first column of the matrix. By using the coefficients of a
denominator polynomial of transfer function one can determine whether the feedback system is stable or not.

The stability of both the proposed FVF with an inductor and with series combination of a resistor and an inductor in feedback path,
have been found by the Routh arrays shown in Tables 5 and 6, respectively. It can be seen that the proposed FVF cells have no closed-loop
right hand poles. Hence, the proposed FVF cells are stable.
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Fig. 5. Small-signal model of the proposed FVF for output impedance calculation.
3.2. Output impedance analysis

Small-signal model of the proposed FVF for output impedance calculation is shown in Fig. 5. To calculate the output impedance a test
voltage source is placed at the output node of the proposed FVF as shown in Fig. 5. The relation between the test source and test current
will define the output impedance of the modified FVF.

The derived output impedance is given by

roZRb

Zout = 32
O g To1 Ry +8m&maTo1To02(Ry +2) ©2)
On assuming, 1,1 =r,2=",, the output impedance becomes
Ry
Zour = 33
out gmle +gm1gm2r0(Rb +Z) ( )
On simplifying Eq. (33) we get
1
Zogt=———"55—~ 34
O a1+ Z/Ry) GD
The output impedance of the proposed FVF with inductor (Z=sL) in the feedback path is given by
1
Zour = 35
O = g 1 ZmaTo(1+5L/Ry) )

At s=0, the output impedance of this case is similar to the output impedance of simple FVF (Eq. (13)).
The output impedance of the proposed FVF with a series combination of a resistor and an inductor (Z=R+sL) in the feedback path
is given by
1
gmlng"D(l +(R+SL/Rb))
At s=0, the output impedance of the proposed FVF depends upon the value of resistor (R). The comparison between Eqgs. (13) and (36)

shows, that the proposed FVF has lower output impedance than the conventional FVF. This decrement in the output impedance at high
frequency is limited by the peaking in the frequency response and hence the value of Z cannot be chosen arbitrarily.

Zoyur = (36)

4. Application of the proposed FVF in a current mirror

The FVF is not new in the electronics world. It has been used in many circuits, such as current mirror (CM), level shifter, arithmetic
circuits, current sensors etc. The demand of high speed analog and mixed signal circuits has influenced the work to propose a large
bandwidth FVE. The CM investigated in [18] has utilized FVF in the input circuitry (Fig. 6). The proposed wideband FVF is applied in the
current mirrors shown in Fig. 6 [18], Figs. 7 and 10 [28].

Gupta et al. have developed wideband low-voltage current mirrors (Figs. 7 and 10) in [28]. In this paper, the inductive-peaking
technique is used to enhance the bandwidth of a FVF cell and the improved FVF cell is used in passively and actively compensated current
mirrors (as shown in Figs. 8, 9 and 11).

5. Results and discussion

The proposed and conventional circuits are designed in TSMC 0.18 pm CMOS technology and simulated in Spectre simulator (Cadence),
with supply voltage of 1.5 V. The circuit parameters of the FVF are given in Table 1.

The DC response of the FVF is shown in Fig. 12. Since at low frequency, there will be no current in the feedback path of the FVF, the
linearity performance of the FVF is unaffected by the modification presented in the paper. The frequency responses of the conventional
and proposed FVF cells are shown in Fig. 13. The frequency response depends on the value of the feedback element. The inductive-
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Fig. 9. Passively compensated current mirror using proposed FVF.
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Fig. 11. Actively compensated current mirror using proposed FVF.

feedback FVF has BWER of 1.93 and 1.99 by using 0.5 uH and 5 nH, respectively. In the second case, where the feedback element is a series
combination of a resistor (R=10 kQ) and an inductor (sL), the proposed FVF has achieved BWER of 2.20 and 2.26 by using 0.5 pH and 5 nH,
respectively. Since, inductor of value 0.5 pH cannot be easily implemented, therefore for the simulations of circuits, we have chosen
inductor L=5 nH. The simulation results of the FVF cells are summarized in Table 2. The Monte Carlo simulation of the proposed FVF with
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Table 1
Circuit parameters of FVF cell.

Circuit parameter

Value
Technology 180 nm
Power supply 1.5V
DC bias current (Ip) 10 pA
Aspect ratio of M1 10
Aspect ratio of M2 20
Inductor L (in feedback path) 5nH
Resistor R (in feedback path) 10 kQ
—Qutput Yoltage DC Response
600
550
500
450
=
§, 400
5
>c> 350
300 A
250 /
200
150
0.0 .25 .5 75 1.0 1.25 1.5
Vin (V)
Fig. 12. DC responses of FVF cells.
T EVF(L1) -~ F¥F (L2) + FYF(LLR) ©FVF(L2,R) — Simple FVF
1 ; ’%\
,’
’/
0 / \\
a -1 x (6.03GHz, -3.318dB)—|
3 Y
—_ ‘\
E &
3 2 \ \ \
z AN
W\ Y\ (6:198CHz, -3.31848)
-3 \‘ A
(2.736GHz, -3.318dB). (5.281CHs, ~3.318dB)Y s
\ \\\
3 R
-4 / 3 ~,
(5.461CHz, -3.318dB) L\ O
‘\ ~\
kg N

109 1010
freq (Hz)

Fig. 13. Frequency responses of FVF cells (L1=0.5 uH, L2=5 nH and R=10 k).

inductor (L=5 nH) in the feedback path results into mean deviation of —596.63e — 12 and standard deviation of 12.516e —9. The FVF with
series combination of a resistor (R=10 kQ) and an inductor (L=5 nH) has shown mean deviation of —632.47e —12 and standard deviation
of 12.941e -9 in the Monte Carlo simulation by using Pspice (OrCAD).

The DC power dissipation (Fig. 14) of the proposed FVF is 5.564 pW, while the output impedance of the FVF is 173.7 Q. From Fig. 15, it
can be noticed that, the output impedance of the proposed FVF decreases faster than that of conventional FVF, at high frequency. This
results into larger current at the output node. Thus justifies the approach of bandwidth extension, by using an impedance element in the
feedback path of the FVF. The step response of the proposed and conventional FVF is shown in Fig. 16 and it can be noticed that, the
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Table 2
The comparative results of the conventional and proposed FVF circuits.

Flipped voltage follower (FVF)

Simulated circuit Conventional FVF (L=5 nH) FVF (L=5nH and R=10 kQ)
Bandwidth (GHz) (simulation) 2.736 5.461 6.198
Bandwidth (GHz) (theoretical) 2.802 5.598 6.406
Error (%) 241 245 3.24
Noise at 100 kHz (V2 /Hz) x 107 1° 123 1.25 1.42
— FVF DC Response
600
500 \
400 \
£ 300
2
= \
2 200
o \
\ (750mV, 5.564uW)
o \
0 N
-100
0.0 .25 .5 .75 1.0 1.25 1.5
Vbias (V)
Fig. 14. DC power dissipation of FVF cell.
= FVF (with series combination of Land R) 3¢ FVF (with L) — Simple FVF
175.0

172.5 %\

(506MHz, 173.7) \)\%
170.0
N
167.5 2

165.0

A\
\
A\

Fig. 15. Variations of output impedance with frequency of conventional FVF and proposed FVF.

Qutput Impedance (Ohms) ()

109 1010
freq (Hz)

rise-time of the proposed FVF is reduced as compared to the conventional FVF. Figs. 17-21 are the step responses of the FVF, by considering
the effects of variations in width of M1, width of M2, power supply, bias current and temperature, respectively.

On simulating the current mirrors given in [18] with inductive-feedback FVF cell, the obtained BWER is 1.66 (i.e. an enhancement
of 2.67 GHz). The proposed FVF cell provides BWER of 2.40 and 2.98 to passively compensated CM [28] without peaking and with
peaking, respectively (Fig. 22). The frequency responses of actively compensated CM, with improved FVF cell are shown in Fig. 23 and
have achieved BWER of 1.95 without peaking and 2.69 with peaking. The —3 dB frequencies of simulated current mirrors are given in
Table 3. The comparative results of CM [18] and simulated CM are given in Table 4. The power supply voltage is 1.5V and dc bias
current is 50 pA.
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Transient Response
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Fig. 16. Step responses of FVF cells.
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Fig. 17. Step response of proposed FVF cell (inductor as feedback element, only) considering the effect of width variation of M1 (where, AR stands for aspect ratio).
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Fig. 18. Step response of proposed FVF cell (inductor as feedback element, only) considering the effect of width variation of M2 (where, AR stands for aspect ratio).
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Transient Response
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Fig. 19. Step response of proposed FVF cell (inductor as feedback element, only) considering the effect of power supply variation.
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Fig. 20. Step response of proposed FVF cell (inductor as feedback element, only) considering the effect of bias current variation.
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Fig. 21. Step response of proposed FVF cell (inductor as feedback element, only) considering the effect of temperature variation.
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Fig. 22. Frequency responses of current mirrors (shown in Figs. 6-9, where ‘L, peaking’ is a series combination of L & R).
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Fig. 23. Frequency responses of current mirrors (shown in Figs. 6,8,10 and 11, where ‘L, peaking’ is a series combination of L & R).

Table 3
—3 dB frequency of simulated current mirrors.

Simulated circuits

—3 dB frequency (GHz)

Current mirror (CM)

Passively compensated CM

CM (feedback element is L)

Passively compensated CM (with L)
Passively compensated CM (with L, peaking)
Actively compensated CM

Actively compensated CM (with L)

Actively compensated CM (with L, peaking)

4.037
5.038
6.708
9.691
12.07
4.414
7.892
10.88

The current transfer error (I,,:—I;;) of the CM is shown in Fig. 24 and it is about —3.37%. The input and output compliances are
shown in Figs. 25 and 26, respectively. The DC power dissipation of the CM (Fig. 27) is 324.3 pW. It can be observed that, the DC
performance factors are invariant by the modification in the CM. The variation of input and output impedances with frequency of the
CM (shown in Figs. 28 and 29) are 1.935 kQ and 0.22 MQ, respectively. The output impedance remains same for the conventional and

proposed CM.
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Comparison results of current mirror (Fig. 6).
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Performance factor

Current mirror [18]

Simulated current mirror

Aspect ratio

dc power dissipation (pW)
Input resistance (kQ)
Current transfer error (%)
cut-off frequency

5.45

218

3

14

212 MHz

20

3243

193

—3.37

4.037 GHz (without L) and 6.708 GHz (with L)

— Current Mirror
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Fig. 24. Current transfer error (I,,~I;;) of current mirror.
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Fig. 25. Input voltage (V;,) as a function of input current (I;;,) of current mirror.

It can be seen from frequency responses of the simulated circuits, that the gain of the systems are unaffected by using inductive-
peaking bandwidth extension technique in the conventional FVF.

6. Conclusion

A high frequency FVF based on inductive-peaking technique has been proposed in the paper. The newly developed FVF accounts for very large
bandwidth and low output impedance at high frequency, without extra DC power dissipation. It is shown in the work that by employing an
inductive-element in the feedback path, the new FVF has achieved 1.99 BWER, without affecting the mid-band gain of the voltage follower and
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Fig. 26. Output current (I,,) versus output voltage (Vo) of current mirror.
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Fig. 28. Input impedance variation with frequency of current mirror.
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Fig. 29. Output impedance variation with frequency of current mirror.

Table 5
Routh array of the proposed FVF (Eq. (18)).

s rOZCgSZL(Rb+r0) 102Cys{To+3Rp +&mToRp}
s? rocgs(rozcgst +L2ro+Ryp)+8m rozL} Em18m2 rost
1 12 Cas 1o Ry 0
s (==
s &mEm2To’Ry 0
Table 6

Routh array of the proposed FVF (Eq. (26)).

s 102 Cas > L(Ry +To) 7oCas{To(Rp +70)+ RyR+&maTo? (R+Rp)}
s? T Cys{roCes(R(Ry +10)+RpTo) + LRy, +8&mTo?L) Em1&€maTo> Ry
s! (gmzcg;rn’(fgxmhRn>+gm1LR)> 0
Cos(R+Rp) +&m L
s Zm&maTo Ry 0

thus it is more suitable to be used in high speed devices than the conventional FVE. The trend obtained for the output impedance with frequency
has proved that, the proposed FVF cells can be preferred over a conventional FVF in high-speed applications. The described circuit-level
implementation of the proposed model of FVF can be used in different analog and mixed-signal circuits and in the work it has been shown to be
useful in current mirror.
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