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APPENDIX B

1) ClassK .. Function [2]: A continuous functionf: [0, a) —
[0, o0) is said to belong to clas&” if it is strictly increasing and

f(0) = 0 and it is said to belong to clasE if « = ~ and Very Wide Range Tunable CMOS/Bipolar

lim, —o f(r) = oc. - -
2) GAS [2]: Letx = 0 be an equilibrium point of: = f(x) and Current Mirrors with Voltage Clamped Input

D C R” be a union of open connected set, with none of its boundary  Teresa Serrano-Gotarredona, Befaalinares-Barranco,

points, which containg: = 0. Let V: D — R be a continuously and Andreas G. Andreou

differentiable function such thaf (0) = 0, V() > 0 andV (z) < 0

in D — {0}, thenz = 0 is asymptotically stable. If the property is

fulfilled for D = fR", then it is global. Abstract—In low power current mode signal processing circuits it is

3) ISS Lyapunov Function [12]A function V' (2): R — R is often necessary to use current mirrors to replicate and amplify/attenuate

defined as 1SS Lyapunov if there exist:), #(-) classK .. functions current signals and clamp the voltage of node_s with high parasitic
’ > capacitances so that the smallest currents do not introduce unacceptable

such thatV'(z) < —a(flz[l) + 6(l|ull), V2 € R", Vu € R™. delays. The use of tunable active-input current mirrors would meet
both requirements. In conventional active-input current mirrors, stability
compensation is required. Furthermore, once stabilized, the input current
cannot be made arbitrarily small. In this paper we introduce two new
. . active-input current mirrors that clamp their input node to a given
The authors would like to thank the anonymous reviewers f@pitage. One of them does not require compensation, while the other may
helping to improve this paper and the comments of A. Romaander some circumstances. However, for both, the input current may
CINVESTAV, Guadalajara, Mexico. take any value. The mirrors can operate with their transistors biased in
strong inversion, weak inversion, or even as CMOS compatible lateral
bipolar devices. If it is biased in weak inversion or as lateral bipolars, the
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Fig. 1. Conventional active-input current mirror. (a) Circuit schematic representation. (b) Input stage drawn as a two-stage op amp. (c)abmall-sign
equivalent circuit for the mirror input stage. (d) Compensated circuit.

yields six decades of current levels at the photoreceptors’ output. Irécognizes a standard (uncompensated) two-stage CMOS operational
impractical to permit this current directly control the time constant amplifier (op amp) [5], connected in a unity-gain negative feedback
the complete system. This would make a silicon retina fast for higlonfiguration. The first stage of the op amp is the differential
ambient light, but six orders of magnitude slower for low ambienhput amplifier of Fig. 1(a). The second (inverting) stage consists
light. This is not realistic and a way to lessen these delays is ¢d transistor A1 and current sourcdi,. It is well known that
clamp the voltages of those nodes with high parasitic capacitancéss structure needs compensation [5] and that the compensation
Since current mirrors are necessary elements for current mode sigriaduitry depends on the value of the second-stage bias cufsent
processing circuits, a very compact solution is to use current mirrdrarthermore, it results impractical to compensate whgnreaches

that clamp their input voltages. These current mirrors are usuallgry low values.

referred to as active-input current mirrors [3], [4]. For the differential input voltage amplifier, the OTA in Fig. 2(a)

In Section Il, the conventional active-input current mirror is anacan be used. OTA’s are compensated by their load capacitance
lyzed and it is shown why it needs compensation, why compensatiop.. An OTA connected in a unity gain feedback configuration
depends on the mirror input current, and why this current cannot fas in Fig. 2(b)] has the small-signal equivalent circuit shown in
made arbitrarily small. In Section 1ll, two new source-driven activeFig. 2(c), where element.. (s) models the transconductance gain of
input current mirror topologies are introduced and the stability ihe OTA andy.. its output conductance. Transconductapggs) is
analyzed. One of the mirrors does not require compensation, while fhequency dependent because of the delay introduced by the parasitic
other may require compensation under some circumstances. Howeeapacitances of the OTA internal nodes. This delay can be modeled
for both structures, the input current can be made arbitrarily smak [6]
without creating unstable behavior. Section IV provides analysis for .
the dynamic behavior of the mirrors. Section V shows how to make gm(5) = Gma <1 - —) Q)
the mirrors have a continuously adjustable gain, tunable over a very Ya
large range. Section VI studies loading effects. In Section VII, it iwherey,,, is the dc transconductance gain of the OTA andnodels
shown how to extend the mirroring operations to bipolar transistoigs delay. This yields the following stability condition for the circuit
using CMOS compatible lateral bipolar transistors and, finally, im Fig. 2(c):

Section VII, experimental measurements are provided, which show Gma

the input currents spawning beyond six decades and the current mirror Cpa > w' . (2
gains being adjusted over 11 decades. As an application example, the ) ) ’ . N

first mirror is used to make a constant linear input range OTA, whost$ing this model for the OTA with the stability condition of (2),
transconductance is tunable for over seven decades. This OTA is tiel$ Possible to analyze the stability for the circuit in Fig. 1(b),

used in ag,,,-C' sinusoidal VCO, whose oscillating frequency coulgvhose small-signal equivalent circuit is shown in Fig. 1(c). Transistor
be tuned from 74 mHz to 1 MHz. M1 is modeled by elementg,.i, go1, andCq1, while the OTA is

modeled byg,. (s) = gma(l — s/wa), goa @and the node; parasitic
capacitance&’,, . After straightforward analysis it is easy to see that,
Il. CONVENTIONAL ACTIVE INPUT CURRENT MIRROR if (2) is satisfied, imposing the condition

The conventional active-input current mirror [3] is shown in Coa1 (1 — Gma) >
Fig. 1(a). By redrawing its input stage, as shown in Fig. 1(b), one e ’ Wa

Imi19dma (3)



1400 IEEE TRANSACTIONS ONCIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 46, NO. 11, NOVEMBER 1999

Also note that the input node of this second stage is the source
of transistorM 1, which is a low-impedance node. This makes the
N circuit of Fig. 1(b) have a single dominant pole and, consequently, its
Vout behavior is qualitatively similar to a single-stage op amp in a unity
—{ h gain feedback configuration. To analyze the stability conditions for
|
[

/5 gain value of this second stage would be identical to that of Fig. 1(b).

this circuit, let us refer to its small-signal equivalent circuit, shown
L?—, | Cpa in Fig. 3(c). Its characteristic equation is

| B 2
VH * ' as”-+bs+c=0
= bias alblas L a=CyCha

: b= (gou + g1 )Cp — LI 4 g, <cm - g) (5)
(@) . -
C = gm1dma-

J 7

+
vli’l

Since the OTA is assumed to be compensated, (2) is satisfied and
the last term for coefficient in (5) is positive. Howeverp might

still become negative. The following condition guarantees a positive
b coefficient

Jmafm1
Co > Wa(goa + gm1)’ ©)
This can be achieved by either adding an extra capacitance at node
vz or by making the OTA have a smaller delay (largey) or lower
gma- Note that the right-hand side of (6) is an increasing function of
gm1. Consequently, once (6) is satisfied for the maximum possible
gm1 (MaximumlI;,) stability is guaranteed for any smaller value of
gm1 (and Iin).
If (6) cannot be satisfied, another way to achieve compensation
— — - for this topology is by adding a compensation capaditarbetween
(© nodesv; andwvs in Fig. 3. This yields the following characteristic

Fig. 2. (a) An OTA structure suitable for the differential input voltageeguation:
amplifier. (b) Unity gain feedback configuration. (c) Small-signal equivalenta & tbsde=0

circuit.
a = C(pcpa + OA <Op + '(pa - q;na)

a

guarantees stability. However, this requires at least that >

gma, Which imposes a lower bound on the value @f. (and b= Cu(goa + gm1) + goi <C;m— 9"“‘) + Gima <O4 - f’ﬂ)
I,) in Fig. 1(b). In practice, the circuit is usually compensated as “a “a
shown in Fig. 1(d) [3], by adding a unity gain voltage buffer and a * ¢ = 9m1dma-

compensation capacit@r4. Equation (3) would change to @)
Gt (Cyar + Ca) > gm1gma | ImaCyar. @ f@is _sgtisfied, coefficient is posiFi_ve,_as well as the_second term
Wa of coefficientb. Consequently, stability is guaranteed if
However, againg.,1 cannot be made arbitrarily small. 1 C 9
The two new active-input current mirror topologies introduced in Ca > gm <w - gf') - Cp.(;] - (8)

this paper do not have this problem,.: (and consequentlyli,)

can be made arbitrarily small. In the next section these mirrors dfethe right-hand side of (8) is negativé, 4 is not necessary and

introduced and analyzed. (6) results. If the right-hand side of (8) is positive, thén should
satisfy (8) for the largest value @f..; (or Iin). Once this is assured,

. Two NEwW ACTIVE INPUT CURRENT MIRRORS (8) remains valid for any smaller value 9f.: (or) Iin.

A. First Topology B. Second Topology

The first alternative circuit to the one in Fig. 1(a) is shown in 'Another alternati\{e agtive-input current mirror is the one shgwn in
Fig. 3(a), where the OTA output drives the source of transist6id- 3(d). Note thatin this case transisfffl is connected as a diode
M1 instead of its gate. The OTA must be able to sink twice tharound the_ negative feedback qup of th(_a ampl!fler and acts smply
maximum expected value fdr,, which imposes an important design@S @ passive device. Thereforg, if the differential voltage gmpllfler
constraint for the OTA in thafi.. in Fig. 2(a) must be at least IS already compensated for unity gain feedback, the circuit should
twice the maximum operation current of the mirfofthe mirror always be stable_. This can be verified by performing a similar analysis
input stage can be redrawn, as shown in Fig. 3(b), which can isethat for the first topology.
considered to be a special two-stage op amp, connected in a unity
gain feedback configuration. Note that the second stage of this Gp Discussion
amp is a positive-gain voltage amplifier, as opposed to the case offhe stability analyses for both topologies are valid whether tran-
Fig. 1(b). Neglecting the body effect of transistdf1, the absolute sjstors M1 and M2 are biased in their weak or strong inversion

LEventually, special OTA's that operate in a type of class AB mode [#Bgions of operation. This allows the current mirrors to operate for
could be used to optimize power consumption. a very wide range of currents, from values equal to junction leakage
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Fig. 3. First new active-input current mirror topology. (a) Circuit schematic representation. (b) Input stage drawn as a two-stage op ampsig)emall-
equivalent circuit. (d) Second current mirror topology.
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Fig. 4. Equivalent circuits for computing transient analysis if OTA delay cannot be neglected. (a) The first new topology. (b) The second new topology.

currents, up to the maximum current the OTA might be able to sinind g, model the OTA and ;1 = Isi exp{(Vg1 — v1)/nUr} is
In addition, one must avoid having the OTA output voltage readhe current through transistdd 1, straightforward analysis yields the
its minimum (or maximum, for p-type current mirrors) value, byfollowing state equation:
adjustingVeramp to a safe level. c. WU T

The stability advantages for these two new topologies, with respect L, =1 + T+ C, e
to the conventional one of Section Il, come from the fact that the Foa Ao Ao D
differential voltage amplifier is loaded by a low-impedance nodevhere A, = ¢ma/goa is the OTA voltage gain. If;, changes in a
which makes the whole circuit to behave similarly to a single-pole (step fashion from-I. to I.., the solution for (9) can be written as
one-dominant-pole) system. Although the Topology 1 current mirror L (1) oL r
might require stability compensation, it has certain advantages over 7. = Lo ()17 = IA=IARE el/m (20)
the Topology 2 one, as will be seen throughout the paper. It is faster i a ¢ ©
for very low currents and it can be operated in bipolar mode Byhere

9)

simply rebiasing the constant global voltages. __ CpnUr L I. 11)
" -‘4’UIC ’ T goanLrT '
IV. TRANSIENT RESPONSE If we definet,; as the delay time it takes fdi, (¢) to reachRI.,
then
A. First Topology R/1—r\'te
The circumstances under which the current mirror will be slowest tar =7 In | = <1 — R) } (12)

are when the input current is smallest (in the nA to pA range). In
these cases, transistbf1 is operating in weak inversion and it is safeNote that if A,, is sufficiently large; can be reasonably small, even
to consider the OTA as acting as an instantaneous device which dfmslow values ofI..

not introduce any delay. If this is the case, the large signal transientAs I. increases, the circuit will respond faster and the delay
response of the circuit in Fig. 3(b) can be computed by modeling th@roduced by the OTA will start to be appreciable. In this case,
mirror input stage, as shown in Fig. 4(a), but with, = 0. If ¢,..  the circuit shown in Fig. 4(a) witl,, # 0 can be used to analyze
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its transient response. The resulting state equation does not haveambe obtained from the small-signal equivalent circuit of Fig. 3(d)
analytical solution, thus, in order to obtain an estimation of the delayith w, = 0. Routine analysis yields the following characteristics
in the current mirror, one can resort to its small-signal equivaleatjuation (valid for weak and strong inversion):

circuit and consider thak, makes a little step. Neglecting the OTA . s 1

internal delay (characterized byv.) the following characteristics 5 =+ P T2 0

equation (valid for weak and strong inversion) results for the circuit

5

L 1 Cys1+ C, Cpa + C Clys
drawn in Fig. 3(c) —=— 1@2 = goa + — g gm1 + Cg@l gma
4 ‘e ‘e ‘e
i — M + a i — Jmafm1 (17)
T3 Cpa Cp THZ C‘fez
P 1 1 m1 Ay 2 :
s34+ 5 + =04 — = gm1 (13) C? = CpCgs1 + CpCpa + Cys1 Cpa.
T3 TiTa Ty C,

Consequently, the settling of the mirror has a dominant time constant

Ti = % that can range between values of the ordetmafandr2 /4. For very
“ pa small and very largd;, values (and assuming, > Chpa, Cye1) it
The roots for this equation are given by follows that (274/75)? <« 1 and a dominant first-order dynamics
1 = results, with effective time constan /74. For very smalll;, this
So=—z—|[1d4/1 -4 } . (14) time constantisi+Cg.1/gm1, While for very largeliy itis Cp /gma-
i i Ta The maximum value fot27/75)% = (Cys1 +Cpa)/Cys1+Cp/Ay)

ai§ reached fof,.1 = goa + gmaCys1/Cp. Therefore, ifA,Cpa < C,

If 72/77. > 1/4, two complex poles result and the transient h I ;
can be satisfied no complex poles will appear.

an associated time constant of the orde2of. If the poles are real,
the dominant time constant may range fr@m (for high values of ) ]
72 /7174) 10 7174 /s (for small values ofr2/r7,). Note that for C. Simulations

very small values offi, (4,1 ~ 0 andg,; = 0) it follows that Extensive Hspice transient response simulations have been per-
3 /nTe € 1 andr, = 73, and the resulting time constantig, formed on both topology current mirrors to confirm the previous
as derived previously using the large-signal first-order model. Gmalyses. Sizes for transistob$1 and M2 were set to 15Q:m x

the other hand, for very largg, (andg,.:) valuests /7,7, is also 5 pm and the internal bias current for the OTA was;28. An input

small and a dominant first-order dynamics results, with time constardde capacitance @f, = 1 pF was considered and the input current

7172 /T3 = Cp/gma. Consequently, for both very smdll, and very was changed in a step fashion frainto 27.. The value ofl,. was
largeI;, there are no complex poles and the dynamics are dominawslept logarithmically from 10 pA to 10A. The output of the current

by a single real pole. The maximum value of /7.7, is reached mirror was connected to a voltage source equaidpanr = 2.5 V.

for gm1 = goa (@SSUMINGn1 /Cpa > go1/Cp) and isA, C,a/4C,.  The current through this voltage sourEgt) was time-normalized to
Therefore, ifA, < C,/C,. can be satisfied, no complex poles (and,(¢/7.), wherer, is the time at whichl, has reached 63.2% of its

no ringing) will appear for the whole input current range. total excursion value (assuming a first-order-like response). Fig. 5(a)
If a compensation capacitdf's is used, the resulting equationshows the simulated output waveforms, where the amplitude has also
would be been normalized with respect o,
B ; 2 Iu t n) — Ic
R A <i) —0 (15) Lt/m) = L. (18)
73 T} 1.

wherer; = a/b and (7,)2 = a/c with a, b, and ¢ given by (7). In Fig. 5(b), for the trace with circles, the corresponding values for
Again, the associated dominant time constant would take a vallie @ & function off. are represented for Topology 1 wit, = 0.
betweer2r}, andr'2 /7}. For very small and very largg., there is a As discussed previously, in Section IV-A, for very small currents,

dominant real pole of time constari /7; that produces a first-order the time _constant is inversely propo_rtional to the current level [see
dynamics. For very smalli, it results /2 /75 & 71 + C'a/gm1, (11)], while for large currents,_the time constant tends to settle to
while for very largeli, it is 72/} ~ C,/gmas. The maximum & constant valug [see discussion after (14)]. Fobetween 2 a.nd.

(274/7.)% value is reached fOGm1 =~ goa + gmaCa/Cp, for 100 nA, the mirror output current step response showed ringing

which two real poles result, both of similar time constants arourf@esence of complex conjugate poles), while outside this range no
1/75 = 2(goa/Ca + Gma/C). ringing is observed (absence of complex conjugate poles). This was

also predicted by the theoretical discussion after (14). Eventually,
ringing could be reduced or suppressed by improving the circuit phase
margin by adding the compensation capacitafnte mentioned in
For the current mirror of Fig. 3(d) similar analyses can be dongection I11-A. However('4 may increase the delays for the complete
For very small input currents, such that the OTA can be (:onsiplange of input currents.
ered to respond instantaneously, the following state equation result§pe same simulations were repeated for the second topology. The
(assumingC’a = 0 and Cys1 = 0) resulting values of,, as a function ofl. are represented in Fig. 5(b),
" , ConlUr Iyn using the trace with asterisks. Again, for very small currents, the time
Iin = Ty + don( Ay £ 1) D+ 1 Ty (16)  constant is inversely proportional to current and tends to settle for
T o o large currents (as predicted in Section IV-B). Presence of complex
Consequently, (10)—(12) would also be valid for this mirror as |°n80njugate poles was observed for between 10 and 100 nA, as
as A, is substituted byd, + 1. anticipated by the discussion after (17). Note that for the lower
If the OTA is no longer considered to respond instantaneously, ordfrent ranges the resulting values foy are about twice than
Cys1 is not negligible with respect t6’,, an estimation of the delays ihose for Topology 1. This is because for Topology 2 the input

2The effect ofw, might be included, although the main delay introducedi0de capacitancé’, also now includes the subthreshold gate-to-
by the OTA is given byy,... loaded byC),, and other loads. bulk C,, capacitance of transistat/1. For gate oxide thickness

B. Second Topology




IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 46, NO. 11, NOVEMBER 1999 1403

TOPOLOGY 1. GAIN-1, CP-1PF

T

topology 1, gain=1
topology 2, gain=1 k
topology 1, /in=10 nA
topology 2, lin=10 nA
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Fig. 5. Transient analyses simulation results. (a) Time and amplitude normalized transient responses for Topology 1 current mirror with uhbijty gain.
Extracted values forr,, for both topologies with unity gain and sweeping the gain.

@ (b) (©

Fig. 6. Continuously adjustable gain current mirror versions. (a) First new topology. (b) Second topology with absolute gate bias. (c) Relzsiige gate

tox = 10 nm and gate area = 150 x 5 pm? this capacitance is (c)], andl,; andl.» are positive parameters which can be considered
Cgp = 0.44 Aco./to. = 1.05 pF [8]. Therefore, in this example the to be equal if transistord/1 and M2 are of equal size and properly
effective C,, capacitance is about twice than for Topology 1, for thevell matched. From (19) the current mirror output current is

lower current range, which precisely explains the differgnvalues.

In = x4iIin (20)
V. CONTINUOUSLY ADJUSTABLE GAIN whereA;, which is a function ofV;2 — V¢, is the gain of the current
The functionality of these current mirrors can be further extend&@iror and is equal to
when they operate in weak inversion. The current mirrors gain can 1 — Lo (Vao—Ve)/nUp o1
be made continuously adjustable through a control voltage, and the T Ta ¢ : (21)

adjustment range can be very wide (over 11 decades, as shown lat
the section on experimental results). The way this is achieved is v
simple. By connecting the gate of transistai2 to an independent
bias voltag€/«2, the gain of the current mirrors can be continuousl
controlled through voltag&s.. This is shown in Fig. 6 for the two
proposed current mirrors. Under these circumstances, the curresf]f

g'hnce Vae — Vg controls exponentially the current mirror gain, a
very wide tuning range is expected.

If there is a mismatch between transistdisl and A2, it will
Ynfluence (21) through parametefs; and ;.. Statistically, the
@dard quadratic relative deviation of the gain is given by

through transistorg/1 and M2 are given b . 2V
g g y (Tz(AA,/fL) :0’2(AIS1/IS1)+0’2(AI§2/I§2)+ 70‘ (ZOH) (22)

Iy = I Ve v)/nlr VEa
I, = Ipe(Vez—v)/nUr (19) whereVg 4 is transistors’M1 and M2 early voltage and/.« is the

OTA offset voltage. Note that (22) is independent of the value of
wherelU is the thermal voltagey; is the gate voltage of transistor V2 and Ve, For the mirror of Fig. 6(b), the offset introduced by the
M1 [V = Ve for Fig. 6(a), and Ve = Verawme for Fig. 6(b) and OTA changes (22) to

2077 .
$Strictly speaking, for Fig. 6(b}e; = Voramp + Vot + [lin/goa + 0 (AAiJA;) =0 (AL /I) + 0> (AL /L) + M (23)
In(Lin /1s1)]/(As 4+ 1) whereV,g is the input offset voltage of the OTA. n2Uyp>



1404 IEEE TRANSACTIONS ONCIRCUITS AND SYSTEMS—I: FUNDAMENTAL THEORY AND APPLICATIONS, VOL. 46, NO. 11, NOVEMBER 1999

3
T

10
Lho”
10
107
Fig. 7. Bipolar versions of continuously adjustable gain current mirrors. (a)
First topology. (b) Second topology. 107}

where theV,¢ contribution term is much larger, which might render
the circuit unacceptable. In this case, the mirror gain should be ' 10 10 v 10 10 10
adjusted by controlling the differential voltage between the gates of

transistorsdM 1 and M2, as shown in Fig. 6(c). In this case, (22) is @
valid again. 10° . . ; . . . .
The relative noise spectral density at the output curferg given
for Fig. 6(a) and (c) by
10+
w 2 w 2
= 1+{—) = 1+|—) =
i2 wo 2, w3 i2, .
2 = _ 2 _|_ . 10 4
I3 2\ T o\ 12
(@) o)
w1 w1 3
by 10° / ]
)
'4 /'ﬁu
g (24) |
MO
wi
wherei,,; andi,» are the noise spectral density currents generated by “ //‘Z/d |
M1 and M2, respectively7,.. is the equivalent input noise spectral B N T T
density for the OTA, and i
1+ A 1 ®
W;l:Cp( + -+ Y ) 107 - T o o o
Jma gmlx"lv
1 C, 107 =
Wy = — %
Jma
. 1 1 )
ws =C +
3 P <gma grnlfl'u
wi! = G (25)
Go1

with 4, = g« /g0 being the OTA voltage gain. Note that, by (24),
the output noise is not degraded by the fact tHatmight become
extremely large or extremely small. For Fig. 6(b) the output current
relative noise spectral density is given by

w 2 w 2
g <~) o <u~) 7

"o __ 1
2= i T

N2 T N2 T2
NELANEL
Wi Wi

w

S

w)? Fig. 8. Experimentally measured output versus input currents, for different
I+ s P gains. (a) The NMOS mirror. (b) The PMOS mirror. (c) The bipolar mirror
5 na (26) versions.

w\?% n2U2
14
w1
VI. LOADING EFFECTS

with w>' = C,/gm1. Note that the OTA noise contribution here is The stability analyses developed in Section Ill are based on the
significantly larger than in (24), which might render this topologwssumption that stability behavior of the circuit in Fig. 3(a) can be
useless. analyzed by using the circuit in Fig. 3(b). However, this is true if the

+
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TABLE | v
1% LINEARITY ERROR REGIONS G2 ? T
S i i o— I
Absolute Unity Gain
o JHAMC TP AL
Amin Amax Imin Imwc
NMOS |51 167 | 1.8x 10° [1.0x 10777 x 107
C
PMOS (575167 | 26x 10° |21 x 1079 1.2% 107 VCP ]
- out
Bipolar}; g, 10| 45 10° |27 1054 x 10™* V'o —0 + —
|4
VCN
TABLE 1l O—
1% ERROR Box REGIONS ISS
I?:li" I;’:lax 1::::' 1'::; Amin Amax VGN —l | + '
O
NMOS| 12 nA [520 na| 83 pA [180 A, o 41,0 107 | | [
PMOS (027 nA| 72 14 | 5.4pA (160 04|, 2 041 4o 102
Bipolar|033 nA 871 nA| 92 pA 1500 nA\s |, 197 |3.0 107 Fig. 9. Constant linear input range OTA using the Topology-1 current mirror.

current flowing through transistab/2 does not alter the stability
conditions derived by using the circuit in Fig. 3(b). Note that if
current mirror gain adjustment is used (as in Fig. 6), the current
through transistoA72 can be several orders of magnitude larger than
the one through transista¥/ 1. Furthermore, the load connected at
the drain of transistorM 2 is going to be coupled to the current
mirror circuitry through the output conductance/af2. On the other
hand, since the gate ai/2 is connected to a fixed voltage, no
capacitive coupling (througly,2 and/orCy,2) exists between the
load and the current mirror circuitry. Assuming the load at the drain
of transistord{2 can be approximated by the parallel connection of (@)
a resistance and a capacitance, small-signal analysis reveals that the
stability conditions for both topologies are relaxed. Consequently,

out

the drain of M2, it is easy to show that (9) changes to

T T I I I

the conditions developed in Section Il are more stringent and are 10" +---- R Fo---7----n |

the ones to be used. . : ‘ ! ! ' !
) ) . 10 ,,,,,,,,,, N e [ S

The transient response analyses in Section IV neglect completely 1 1 1 | |
the loading effect of transistd¥/ 2. Strictly speaking, this is only true 10° b---- - - e R -

if, for equal sizeM1 and M2 transistors, the gain of the mirror is 4 ‘ ! ‘ : !
B . L. 10 __________________ S (G [ | DUV -

much less than unity, so that the current througl? is negligible | | I |
with respect to the one through'1. However, if the gain is unity or £ 10° |----1-~--q--------X DR RRRER R "=
larger, a slower response is expected because the OTA has to prowde R S S I ) ! o I

a significantly larger current. | |
For Topology 1, very small currents and neglecting the loads at 10" f----1----3----- B e Ao ==

10 ,,,,, L‘ 1: ,,,,,,,,,,,,,, —
Cp(l+ A)) Uy In o | |
Lin = Iy _ L -— 27 10 ---- R it Bl it TTTTTAT TN T -
i Joa ’11 i CP flrr Iﬂ/ﬂ ( ) - : : : }
whereA; is the gain of the current mirror. This implies that (10)—(12) 10 540 350 o0 570 as0 380 400 410 420
remain valid as long as is substituted by e
(b)
g = (1+A)e (28)

Fig. 10. (a) Sinusoidal.,-C based VCO. (b) Experimentally measured
which reveals that delay; in (12) is degraded, at the most, by arelationship between sinusoidal VCO frequency and control voliage.
factor of A;. If capacitance&’,, cannot be neglected and/6f, # 0,
small-signal analysis can be performed to estimate the time constasing the trace with down triangles. For gains smaller than unity,
degradation. For high current amplification valuds it can be time response is constant, while for gains larger than unity, the time
verified that the resulting time constant is degraded, at the mossponse is degraded ds increases. As can be seen, the resulting
by a factor of the order of4;. time constant is increased, at the most, by a faetor

Hspice simulations were performed using the same circuit as inFor Topology 2 and very small currents a much more complicated
Section IV-C, Topology 1, but with a constant input current stegifferential equation than (24) is obtained, which does not have an
from I. = 10 nA to 2I. = 20 nA and sweeping the mirror gain analytical solution. However, by performing Hspice simulations on
from 4, = 1072 to A, = 10™®. The results are shown in Fig. 5(b)this topology withI.. = 10 nA, shown in Fig. 5(b) with up triangles,
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__p 00m Ny Bl S

(b)

Fig. 11. Measured VCO outputs for minimum (73.94 mHz) and maximum (1.015 MHz) frequencies. Vertical scale is 50 mV/div and horizontal scales
are 2 s/div for left trace and 200 ns/div for right trace.

1 1 T T T T T T
08 ook i RN/ 777/ ST\ ST OO R ]
0.6 08k i LSS LI ) i
0.4 0.7[- -
T 0.2 S 0.6 -
3 5
Eﬂ ©
£ / Sosk LS S o J
] . 2
5 : : 3
Bggh RS 004k / 4
-0.4 = 0.3f
08 e o2k
-0.8 ol
1 === ; 0 ! 1 . s i T
-0.2 -0.15 -0.1 -0.05 0 0.1 0.15 0.2 -0.2 -0.15 =041 -0.05 Q 0.1 0.15 0.2
V. (Volts) V. (Voits)
in in
@) ()
1 T T T T T T T 1
0.BF A 09
Y| AR S ) : RN (S . b 08
| SR b SR e By AN e e 07
5 02F- - - : : : (T PO PO SPPPPP <06
8 : : : 3
K : : 2
s o
E of g Eos
g g
5

m

o

I
!
o
[N
T
1
g,
o
FS

S04 b ; e b 4 03
~0.61 - 02t g
B < 4 L 4 P R
1 1 . ) L 0 N
-0.2 -0.15 -0.1 -0.05 0 01 0.15 0.2 -0.2 -0.15 -0.1 ~0.05 0 01 0.15 0.2
V. (Voits) V. (Volts)
in in
(©) (d)

Fig. 12. Experimentally measured dependence of the OTA linear input range on transconductance tuning. For differential pair tail biagsgyrrent (
tuning, linear range decreases as transconductance decreases. (a) Normalized OTA outpuf surfépt§ as a function of differential input voltage. (b)

Normalized first derivative of previous curve. For tuning through the top Topology-1 current mirrors. (c) Normalized OTA output current. (d)zBbrmali
first derivative of previous curve.

it is observed that the time constant degradation is similar to that foipolars [8]. The circuits in Figs. 3 and 6 can be biased to operate
Topology 1. Again, for high4; values, time constants are degradedransistorsi 1 and M2 as lateral bipolars if the process is p well.
at the most, by a factor of the order df;. For an n well process, p-type current mirrors are the ones that can be
biased in the lateral bipolar mode. The first topology [Fig. 6(a)] can be
used directly by rebiasing the gate and well voltages, while the second
topology requires the use of an extra differential voltage amplifier or
The two new current mirror topologies discussed so far can al&¥A. Fig. 7(a) shows the bipolar version of the current mirror in
be operated by biasing the transistors as CMOS compatible latéfad. 6(a). Physically both circuits are the same. The difference is

VIl. CMOS CoMPATIBLE LATERAL BIPOLAR MODE
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how the gates and wells of transistat$1 and M2 are biased. In the first derivatives of those in Fig. 12(a) normalized with respect to
Fig. 6(a), the wells are connected to ground (or to positive powey, [defined as the slopes &, = 0 for Fig. 12(a)]. The widest bell-
supply for a PMOS mirror), whild’; andVg2 should be connected shaped curve corresponds to the maximigs and maximumg,, .
to intermediate voltage values such that, for the current levels uséd, Iss is decreased, the bells become narrower (lower input range)
the OTA output voltage does not saturate. In Fig. 7(a) both gatestil the differential pair transistors are fully biased in weak inversion
must be connected about 1 V below ground (or above positive povwaerd the linear input range remains constant (between one or two
supply for the p version) [8] and the wells, which are now the basd’r). In Fig. 12(a) and (b) the largest measured transconductance
terminals, to intermediate values. For the bipolar version of the secasdy,,, = 30.0 pA/V, while the minimum isg,, = 60.4 pA/V. If,
topology, an extra OTA must be added to decouple the nonzero basstead of usindss to tuneg,, we useVgs, then the curves shown in
currents. The resulting circuit is shown in Fig. 7(b). Fig. 12(c) and (d) are measured. Fig. 12(c) shdws (Vi) /|Ioi™
and Fig. 12(d) showg/.;(Vin)/gm- In Fig. 12(c) and (d), the largest
measured transconductanceyis = 30.0 pA/V, while the minimum
) . . is g = 40.0 pA/V. Note that now the OTA input range is

A set of current mirror prototypes have bee_n fabricated in gun2- maintained constant. As a result, the OTA behaves almost linearly
n-well CMO_S process. Transistors w_ere !ald out as square_wafﬂ m —100 mV to +100 mV, which means that low distortion
structures withl, = 4.8 ym and effectivel” = 1378 um. In this  ins0ids of 200 mv peak-to-peak amplitude can be obtained with

case, an OTA able to provide several milliamps of output currefia veo of Fig. 10 for the whole frequency range, as can be seen
was used. Fig. 8 shows measurementg.ofersus’;,, for different in Fig. 11

gains, for an NMOS, a PMOS, and a lateral bipolar p-n-p mirror,
corresponding to the topologies of Figs. 6(a) and 7(a). In Fig. 8, input
currents were swept between 1 pA and 1 mA. Gain control voltage

(Va2 or Vs) was swept with 50 mV steps arouid;; or V. In . . .
these log—log representations, lines of slope one represent a lineafWo new active-input current mirror structures are introduced.

relationship between input and output currents, while line positio-Hqe novelty resides in the fact that the act_|ve amplifier drlve_s. the
accounts for the gain. Circles denote the 1% linearity error regidfansistor sources rather than the gates. This allows the amplifier to
limits. For these regions, the maximum and minimum current mirrQ€ connected in a negative feedback loop configuration, instead of
gains are given in Table | ad..i, and An.«. Also shown in Fig. 8 a positive fgedback loop. The first proposed topology mlght require
are the maximum size rectangles that could be drawn inside the §§nPensation, while the second does not. Both topologies behave

linearity error regions. Maximum and minimum currents and gaif@Uch better from a stability point of view than the conventional
for these boxes are given in Table Il. Note that in Fig. 8, for thgctive—input current mirror. This is because the amplifier output is

unity gain curves, the 1% error interval is significantly larger thafonnected to a low-impedance node. The result is that the mirrors
for the other curves. These limits are given in Table | unfigr, remain stable for arbitrarily small operatllon currents, thus allowing
and I... current ranges of many decades. Experimental measurements reveal
As an application example, the Topology-1 current mirror Watgat the currents myolved can vary over nine decades and that the gain
used to design the OTA shown in Fig. 9, which is used ingheC" of these current mirrors can be continuously tuned over 11 decades,

sinusoidal VCO shown in Fig. 10 [6]. The oscillation frequency foyvhile maintaining a 1% linearity error in the mirroring operation. The
this VCO is given by mirrors can be used either with their transistors biased as MOS, or as

CMOS compatible lateral bipolar devices. Experimental results have
e been provided. As an application exampleg,&C sinusoidal VCO
fvco = . (29)
2r C has been fabricated and tested. Its frequency could be continuously
For the fabricated prototype VCO, the capacitor valu€'is: 10 pF. tuned for over seven decades, through a single control voltage.
When using conventional CMOS OTA's fgr,-C sinusoidal VCO'’s,
their frequency tuning range is limited to little more than one decade
[6]. The reason is that for tuning the VCO frequency, OTA transcon-
ductances must be changed. If the OTA transconductance is adjustggl c. Mead, Analog VLSI and Neural SystemsReading, MA: Addison-
through its differential pair bias curreif,, then the linear range of Wesley, 1989.
the OTA is reduced as its transconductance (&ndl is lowered. If  [2] AA- GI. An\(/jlr_esolu’ R. C. M?‘]'_tZ'Eff, K. StFOhbe_?_nv andd K. A. Boahen,
; ; ; i “Analog neuromorphic image acquisition and pre-processing
la_l Ilnnear ralr]g:e above h200 mV is deS|red,htransconductance tunlfng is systems,"Neural Networksyol. 8, nos. 7/8, pp. 1323-1347, 1995.
'm'te_d to_ ittle more than one dgcade'_ T _e_trar!sconduc'[ance 0 ﬂ]@] D. G. Nairn and A. T. Salama, “A ratio-independent algorithmic analog-
OTA in Fig. 9 can be tuned while maintaining ifs, current (and to-digital converter combining current mode and dynamic techniques,”
linear range) constant. The two top Topology-1 PMOS current mirrors  IEEE Trans. Circuits Systyol. 37, pp. 319-325, Mar. 1990.
are tuned simultaneously through control voltdge and are able to [4] T. Serrano and B. Linares-Barranco, “The active-input regulated-
change the OTA transconductance for over seven decades. Fig. 10(b) Zgi‘ﬂ%i CJ“J;‘Z”ESTO”EEE Trans. Circuits Syst. Ivol. 41, pp.
shows the experimentally obtained relationship between oscillatiof) p. g. Allen and D. R. HolbergCMOS Analog Design. New York:
frequency and control voltag®. of the sinusoidal VCO. The Holt, Rinehart and Winston, 1987.
minimum frequency that could be measured vias, = 73.96 mHz,  [6] B. Linares-Barranco, A. Rodyuez-\Véizquez, J. L. Huertas, and E.
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