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Abstract. With the shrinking of the device dimensions, technology and the same power supply, become usual prac-
the power supply voltage value is continuously decreasingtice. The supply voltage scaling, largely applied to reduce the
Since the threshold voltage value does not decrease as mugower consumption in digital applications, limits the perfor-
as the power supply and the drain source saturation voltageance of these blocks. However its effects on analog circuits
becomes an important fraction of the power supply, manyare even stronger, since the smaller difference between the
amplifier architectures are no more suitable for modern pro-supply and the threshold voltage reduces the available over-
cesses. A transconductance amplifier based on current midrive voltage, leading the transistors in moderate inversion
rors is analyzed highlighting the main challenges of a low-where the design of the analog circuit is a demanding chal-
voltage analog design. Among the many proposed amplifietenge. Moderate inversion is the transition region between
architectures, a topology based on current mirrors has beethe weak and the strong inversion regimes and it is charac-
chosen as the most promising to operate with low voltagesterized by an overdrive voltage between approximately one
Simulations with 90 nm CMOS prove the feasibility of cir- and five thermal voltagesUg=kT/q) (Cunha 1998. In
cuit operation with satisfactory performance at an operatingthis transition zone, the sub-threshold characteristics must
power supply voltage as low as 0.6 V. smoothly link up with the strong inversion ones. Since the
channel is only partially built, MOSFETs exhibit small drain

) currents per area, therefore large dimensions are necessary

1 Supply Voltage and Threshold Voltage Scaling to obtain acceptable frequency range. The transconductance
. . . . to current ratiog,, /Ips, which reaches its maximum in the

Due to the scaling of the device dimensions and ofthe grOWﬂ“sub-threshold region, makes moderate inversion device in-
of the higher performance and lower power markgt, the SUp'teresting as input stage of amplification stages. A substantial
ply and the threshold voltages of the CMOS circuits are CON-4rawback of this operating region is the minimum required

stantly decreasing. The determination of the threshold volt-drain source voltag&psar, which does not scale with the

age value is a compromise between the desire of a SUfT'bverdrive voltage as in strong inversion, but it reaches a min-

ciently large saturation current that determines the dynamlqmum at4J;. A further difficulty for the circuit design is the

performance and the need to limitate the subthreshold leake, .\ o 4 simple transistor equation that could allow approx-

age currents. The power supply is usually set to the sma"]mate handmade dimensioning. In Fjthe ratiog,, /Ips

est value necessary to maintain a sufficient overdrive voltage, 4 e voltage/psar are reported versus the normalized

to meet the desired saturation current. The different teChn"current. Is is defined as the current flowing in the transistor

cal requirements of the several portions of the sem|conduc\-Nhen the overdrive voltage is equal to one thermal voltage.

tor market lead to several parameter scaling and therefore ®he moderate inversion region is represented by the dashed
different transistor devices in the same technology node. |

Fig. 1 the development and the forecast of threshold voltage

for device designed for high performance, for low operat-

ing power and for low standby power applications are re-3  cyrrent Mirrors
ported Roadmap2003.

The current mirror is one of the basic and most common
structures in IC circuit design. Precision of current mir-
rors relies on symmetry among its devices and their biasing.

In recent years, mixed signal circuits, whose analog and dig_‘l’hese circuits, thanks to their simplicity, are suitable for low

ital parts are realized on the same chip sharing the samBower applications, so that current mode circuits are consid-
ered a promising approach for low power circuit design. In

Correspondence toA. Bargagli-Stoffi this paragraph the supply limitations of two current mirror
(bargagli@tum.de) architectures are analyzed.

2 Moderate Inversion
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Fig. 1. Vr scaling for the high performance (HP), low operating Fig. 3. Simple Current Mirror.
power (LOP) and low standby power (LSTP) devices.
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Fig. 2. ¢m/Ips ratio andVps 47 vs. the normalized current Fig. 4. Allowable input(a) and output(b) DC Voltages for the

Simple Current Mirror.

An ideal current mirror is characterized by a ratio between
the outpgt and the input currents that mgst be '.n.dEpendenr%irror itself. The DC output range is indicated with a sim-
from the input and the output voltages. This condition can be.

; : . ) . “ilar notation. To maintain the output transistdp in satura-
restated with the following requirements: the current mirror . : .
. . S tion, the output voltage, i.e. the drain voltageM$, must be
is a current controlled current source with an infinite output

resistance and a negligible input resistance. larger than its overdrive voltagéyy. Therefore the DC out-

The simplest current mirror consists of two transistafs, put voltage must be above this limit plus the amplitude of the

andM,, whose gates are shorted to the drain of the input de—olJtpUt signal. The upper limit for the DC output voltage is

: . . . : . .~ ~set by the external circuit. Besides the limited input and the
vice M1, Fig. 3. Assuming the transistors biased in saturation g .
; ; o output voltage ranges where the current ratio is characterized
region, the gate-source voltage of the transistors is:

by a constant value, this simple current mirror presents two

21 more nonidealities: a no-zero input resistancg,,4, and a
Ves =Vri+Vov=Vri+ | —— (1) finite output resistanceps».

uCoxW/L - : ;
If the input node of a current mirror requires a low DC

The range of the feasible DC voltages at the input andvoltage, it can be disconnected from the gate of the input
at the output nodes is reported in Fig. The min-  transistor by means of an additional MOSFBT3, in the
imum value that the input DC voltage can assume iscircuit reported in Fig5s (Pelusg 1998. This modified cir-
Vss+Vr1+Vov,,y+Vin, i.€. the minimum gate-source volt-  cuit presents two possible input nodéd1 at the gate o1
age that leads the input transistor in strong inversion plus the@ndIN2 at its drain. In Fig6, the range of the DC voltages
amplitude of the input voltage signal. The upper limit of the at the inputs and at the output are reported. The lower limit
input DC voltage is given by the amplitude of the voltage of the DC voltage range of the inplM1 is the maximum be-
signal V;, and by the current sourchy, that experiences tween the sum of the drain-source voltages of the transistors
at least a voltag&psa7 across its terminals when realized M1 andM3 and the gate-source voltage of the transistar
with transistor devices. This limit is drawn with dashed lines, If the transistorM; operates in saturation regime, its over-
since it is given by the external circuit and not by the currentdrive voltage is equal to its minimum drain-source voltage,
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Fig._6. Allowable DC Voltages for Low Voltage Current Mirror at Fig. 8. Equivalent Circuit after cutting for the loop gain computa-
the inputs IN1(a), IN2 (b) and at the outpuf). tion.

therefore, under the assumption that the threshold voltagéhe input node to remain constant. If the feedback loop gain
Vr1 of the transistorM; is larger than the minimum drain-  is sufficiently large, the error curreit flowing throughM3
source voltage of the MOSFEM3, the DC voltage range of  is negligible. To compute the feedback gain loop, a cut is
the inputIN1 is identical to the simple current mirror one. made at the gate of the transistds to divide the the feed-
The minimum DC voltage at the inpiN2 is determined by  forward and the feedback networks, Figand its equivalent
the saturation condition of transistafy, i.e. it is equal to  Circuitis built, Fig.8. The impedancé& p has the same value
the overdrive voltagd/oy, while its upper border is given of the the impedance between the nageand ground in the
by the requirements on transisttfs. In Fig. 6 is reported  original network. The biasing of the MOSFEM; is pro-
the case wher&, the gate voltage of transistdfs, is one  vided by a voltage sourc&p, whose value is equal toz
Vpsar lower than the power supply. A further condition ties of the original network. With this cut, the feed-forward and
together the choice of the DC voltages of the inputs: theirthe feedback networks are separated and unidirecti&wg (
voltage difference must be larger than the minimum drain-legrini, 1972, until high frequencies where the circuit func-
source voltage of transistdfs. The minimum output volt-  tionality is mostly determined by the parasitic capacitances
age and the output resistance of this circuit are equal to th@f the transistors.
results derived for the simple current mirror. The feed-forward transfer functio® g, is calculated as

In this circuit a shunt-shunt feedback loop can be identi-the ratio between the small signal output voltageand the
fied. The small signal input current sourigg- is connected ~ Small signal input current,.2, when the the feedback path is
to the source of the transistafs, a common gate stage, that disconnected, i.e. when the small signal current sotugde
amplifies at its drain any modification of the input voltage, Null, Fig. 9. The feedback conductancg: is calculated as
vin2. SinceMsz drain is also the gate of the transistfs, the ratio between the small signal feedback curigrftow-
the amplified voltage signal causes a current of the transistoind in the transistot; and the voltage,.
M3, that subtracted to the input signal, forces the voltage at
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Fig. 9. Model of the shunt-shunt feedback system.
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Fig. 10. Small Signal Equivalent Circuit foR ¢ calculation.

The small signal equivalent circuit for the computation of
the feed-forward gain is reported in FItD. Since the voltage
sourcev,, is turn off, the voltage controlled current source
8m1Vgs1 is null.

From the equations of the nodes:

wheregps1 andgpgss are the conductance valuesMf and
M3 respectivelygps is the output resistance of the current
sourcel;y1, While g;,3 is the transconductance value of the
transistorM3. The input resistancg;, ., and the gainRrr

of the feed-forward block in open loop are:

iin2 = &DS1 Vin2 + &n3 Vin2 + &ps3 (Win2 — vy) @
2

[in2 = gDS1 Vin2 + OS Vr

R Uin2 _ 8Ds3t80s __8Ds3tgos

M i 0,=0 (80511853 +8m3)80s+8Ds1EDS3  &m3 805

L gm3+8Ds3 1
iin2ly,=0  (8Ds1+8Ds3+8m3)805+¢Ds18Ds3 805

©)

Similarly, the gain of the feedback network is calculated
when the input small signal curreits is null, resulting into:

i

Grp = £ = 8ml (4)
Up ijn2=0

The feedback loop gain is therefore:

RppGpp— (gm3+8ns3)8m1 ~Eml g

(8ps1+8ps3+8m3)8os+8nsi&ps3  8os
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Fig. 11. Differential Input Pair.

Due to the current feedback at the input, the resistance seen
by the input sourcd;y2 is equal to the input resistance
Rin - determined in open loop reduced by the feedback fac-
tor 14+ RrrGrpp:

R

Riyg= 2 = — " =
iin2 1+ RrrGrp
_ 8Ds3+80s
 (gps1t+8ps3tgm3)gos+8psigns3t(gm3tens3)gmi
:gnss+gos ©)
8m18m3

That is, the input resistance has been reduced of a factor
gm3/(gps3t+gos) Wwith respect to a simple current mirror,
tending to the ideal zero value of the input resistance of a
current mirror. The transfer function of this circuit,/i;,2

is given by:

vro__ Rer
iin2 1+ RrrGrFa
gm3+t&Dps3
&m3(gm1+80s)+8gm1&ps3+(gpsi+¢gps3)gos+&ps1&ps3
1
o~ (7
8m1l

For the small signal, with similar considerations at the input
I;n1, when the feedback loop is sufficiently large, the output
current of this low voltage current mirror, i.e. the current
through the transista¥,, can be proved equal to the sum of

the input currents, that is:

iin1 +iin2
8&ml

©)

lout =12 = gm1Vr > gml <

4  Fully Differential Amplifier

Figure 11 shows a differential input stage based on the low
voltage current mirror. The input differential signgj is ap-
plied between the gate of the MOSFEMg and M4 which
constitute the differential pair. The current sourdés and

Mg are biased by a constant voltagg. In spite of its asym-
metry, this circuit operates as a differential stage, due to the
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Fig. 13. Output Voltages for 3 input amplitudes.
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feedback loop realized by the transistdg that forces the
voltage V1 to follow the positive input voltage, since the |
current flowing into the transistav’s and therefore its gate -120°}
source voltage must remain constant. Therefore the MOS- ool ‘ ‘ ‘ . Pm
FET M, experiences a gate source voltage signal equal to 100 1k 10k 100k 1M 10M  100M
the entire differential input, and its small signal drain source frequency [Hz]
current is proportional to the input voltaggs=g,,4v;,. This

current is equivalent to the current souigg, studied inthe  Fig- 14. Bode Diagram of the circuit.
previous section, it flows into the transistay and it is mir-
rored at the output.

A fully differential transconductance amplifier based on the
low voltage input differential stage is shownin FIg. Fully | is naner the main limits of some analog circuits for very
differential structures are preferred to single ended ampliy,, \o|tage applications are analyzed and an alternative cur-
fiers, although they require a larger area, since they presenta, s mirror is closely studied. Based on this basic block, a
larger immunity to power supply and input noise, they CancelIow-voltage low-power fully differential amplifier with rail-

the even harmonic components of the distortion and they ar%o-rail outputs operating with 0.6V is presented. Simulated

more robust to parameter fluctuations. This amplifier archi-;, 5 90nm standard CMOS gives a low frequency gain 44 dB
tecture has been realized without cascode stages, since thegﬁd a unity gain bandwidth is 23 MHz

structures become critical for low supply voltages. The cir-

cuit is a one-stage amplifier driving a capacitive load. The references

common mode voltage at the input and at the output nodes

is set to analog ground/pp/2. The inverter output stage Cunha, A. I. A., Schneider, M. C., and Galup-Montoro, C.: An

operates in class AB, generating rail-to-rail output voltages MOS transistor model for analog circuit design, JSSC, Vol. 33,
without requiring a large power consumption in the bias point  Iss. 10, 1510-1519, Oct. 1998.

Fig. 13. The circuit has two common mode circuits, that reg- Fayomi, C. J. B., Sawan, M., and Roberts, G. W.: Reliable cir-
ulate independently the two amplification blocks, so that the Cuit techniques for low voltage analog design in deep submicron
amplifier can independently compensate for variations of the standard_ CMOS: a tutorial, Analog Integrated Circuit and Signal
PMOSFET and of the nMOSFET input differential pair in- __ " r0cessing, Vol. 39, 21-38, 2004.

troduced by parameter fluctuations and for variation of theThg Ol:tf;gﬁ'oggé; echnology Roadmap for Semiconductors, Edi-

input common mode voltage. The. CIrCU!t, biased W'_th a Sln'Pellegrini, B.: Considerations on the Feedback Theory, Alta Fre-
gle power supply voltage of 0.6V, is designed and simulated quenza, Vol. 41, Iss. 11, 825-829, 1972.

using a 90 nm standard CMOS process. A low frequencypeluso, V., Vancorenland, P., Marques, A., et al.: A 900-mV low-
amplification of 44dB and unity gain bandwidify above powerX A A/D converter with 77-dB dynamic range, JSSC, Vol.
23 MHz for a capacitive load of 1.6 pF are obtained, Hig. 33, Iss. 12, 1887-1897, Dec. 1998.

The phase and the gain margin are€ Bd 25dB, respec-

tively. The power consumption of the circuit is BRV.

phase

5 Conclusion



