1082 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 36, NO. 7, JULY 2001

1-V Power Supply CMOS Cascode Amplifier

Torsten Lehmann and Marco Cassia

Abstract—n this paper, we design a folded cascode operational
transconductance amplifier in a standard CMOS process, which
has a measured 69-dB dc gain, a 2-MHz bandwidth, and compat-
ible input- and output voltage levels at a 1-V power supply. This
is done by a novel current driven bulk (CDB) technique, which re-
duces the MOST threshold voltage by forcing a constant current
though the transistor bulk terminal. We also look at limitations and
improvements of this CDB technique.
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NE OF THE most serious design constraints when
making integrated analog circuits for systems with
ultra-low supply voltages is the value of the MOS threshold
\/0|tage Vin. A typica| 3.3-V process ha%;;, in the range Fig. 1. Current drive of bulk terminal. (a) Circuit. (b) Circuit with parasitic
0.6-0.7 V. Used with a 1-V power supply, this gives a sign&’ " (©) Layout
swing of at most 100 mV on a transistor gate, if room for two
drain—source saturation voltagesg s,; 0f 100 mV is needed II. CURRENT DRIVEN BULK
(which it most certainly is). Several approaches to ultra-low ) .
voltage supply circuit design have recently been described;ThethreShc"d voltagg ongOS transistor as a function of the
e.g., based on charge pumps [1], bulk drive [2], floating gat@4lk—source voltagé’ss is given by
[3] or limited common-mode range input circuits [4], [5]. In
this paper, we shall look at how to reduce the MOS threshold Viw = Vino + v(V[20F — Vas| — V]267)) 1)
voltage in a standard CMOS process, and we shall use the
reducedV;y, transistors to implement a 1-V folded cascodgnere
operational transconductance amplifier (OTA) with compatible v, | zero bias threshold voltage;
input- and o_utput levels. The adyantages of this technique ?‘r% bulk effect factor:
that 1) possible voltage stress, increased power consumption, . .
and noise coupling associated with a charge pump are avoided?F Fermi poter@al.
2) the input transistor pair gain reduction and input impedanE@T P-channel transistorg¢y ~ —0.7 V, v ~ —0.5V/V, and
reduction associated with a bulk drive are avoided; 3) spectako ~ —0.6V, typically, and a bulk bia¥s is normally>0'V,
processing and callibration steps associated with floating g#¢Bich numerically increases the threshold voltage. However, by
devices are avoided; 4) continous time signal processingbi@singVes < 0V we can actually (numericallyjecreasehe
possible; and 5) standard circuit topologies, such as cascégshold voltage [6], [7].
amplifiers, can be used. In Section II, we look at the current To reduce the threshold voltage as much as possible, we want
driven bulk technique for reducing,. In Section IlI, we look the bulk bias|Vgs| as high as possible. This will, however,
at the unwanted effects of this technique and how to overcoigsward bias the bulk—source diode, i.e., the base—emitter diode
these. In Section IV, we implement the OTA. In Section \@f the associated parasitic bipolar transistor (BJT), thereby

we present measurements from an experimental chip, andYfning on this BJT; thugVas| is limited by how much current
Section VI, we draw the conclusions. we can tolerate in the BJT. Now, this is the idea of the new

current driven bulk(CDB) circuits (see Fig. 1). Instead of
voltage driving the bulk where we would need a considerable
safety margin to hold the current level in the bipolar tran-
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Fig. 2. Threshold voltage versus bulk bias current. Fig. 4. CDB compared with normal MOST common-source frequency
response.
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Fig. 3. Bias circuit eliminating unknown BJF's. a Vg and if |Viyor| > Vinon, the level shifter/p R can be
omitted.

voltage as a function of the bulk bias currdag is shown for
aW/L = 40 pm/10 pm device in a 0.5:m process. We use a
p-channel transistor as we can access the bulk terminal for thisCurrent driving the bulk introduces a number of unwanted
device without fear of latchup in a standard n-well process. effects in the resulting device. The first obvious one is the
Because of the exponentia-V relation of the diode, the parallel connection of the BJT emitter/collector with the MOS
exact value oflzp is not important for the resulting thresholdsource/drain; this must lower the device output impedance. If
voltage. However, the parasitic bipolar transistor can have quitee BJT emitter current is much smaller than the MOS source
high base—collector current gains [8]; as we shall see below, thigrent, the effect is negligible. If not, to get a reasonable
put some limitations on the applicability of the CDB techniqueautput impedance, the BJT must be in the active region; ie., the
To keep the BJT current gains as low as possible, the layalg#vice drain—source voltage must be less than ab@00 mV
shown in Fig. 1(c) can be used: to keep the substrate—colledgimulations can be found in [9]). Noise from the BJT would
gain (Hcs) low, the bulk connection is completely surroundedlso enter the circuit, but again, if the current in this device is
by the source junction; to keep the drain—collector daln,) low, we would expect only a small amount of added noise.
low, a longer than minimum MOS channel length should be The largest current available for discharging the bulk—drain
used. In the simulations, we have used current gains in the ordepacitance islgg; likewise, the largest current available
of 100. for charging it is the source quiescent current divided by the
Another problem with the BJT current gains is that they atease—emitter current gaifx/(Scs + Bcp + 1). These are
usually unknown to the designer. This is solved by “measuringtnall currents, which means that slew-rate effects might occur
the current gain using the bias circuit in Fig. 3. A transistor wit the bulk—drain voltage is changed.
current driven bulk is set up between a current sipkc = Together with the bulk transconductance and the base—emitter
Ip+Icpandacurrentsourde p = Ip+1g+1g. Thecircuit impedance, the drain—bulk capacitance also causes a low fre-
feedback will now cause a bulk bias currdiiz, and hence a quency pole-zero pair. This can be seen in Fig. 4, which shows
bias voltagdi,ias, suchthals g = Ip+Iss(l+Gcs+Hcp)+ the simulated frequency response of a common-source ampli-
Ig, regardless of the actual values of f#is. For an ideal drain fier (W/L = 40 pm/1 pm device with/gg = 30 nA and
current!, we would probably choosE, ¢ =~ 1.11p, Isp = Ip = 10 pA).
1.3Ip andIr =~ 0.11p. For the bias circuit to work, we must It is evident that the drain—bulk capacitance has a major im-
haveVar < Viun +IrR and|Viup| 4+ Vbs sar < Vinn + IR,  pact on high-frequency circuit performance. Fortunately, there
whereV,,p is the threshold voltage of the current driven bullare several ways to cancel its effect. First, one can put a decou-
device. If the MOST threshold voltages are high compared wighing capacitor between bulk and source: as both the slew-rate

I1l. CDB UNWANTED EFFECTS
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Fig. 6. 1-V CDB folded cascode OTA.

TABLE |
CDB OTA TRANSISTORDIMENSIONS

MOST | W/um | L/um | In/uA | MOST | W/um | L/um | Ip/pA
M,-M, 400 1 10 || My—M;, 20 1 20
M;3~M, 20 1 10 | My 80 1 20
Ms—Ms 40 1 10 || My 1 50 | ~0.01
M7—Ms 40 1 10 || Mys 1 50 | ~0.01

and the pole-zero pair are caused by the bulk transconductancReducing the threshold voltage of the differential pair
through a nonconstant bulk—source voltage, both effects can(b& —M,) directly improves the common-mode input range.
canceled this way. If the source is at a constant potential, a cAtso, operating the input pair in subthreshold reduces the
code can be used to keep the drain potential constant, thus eljate—source voltage, and improves the common-mode input
inating the current in the capacitor. In Fig. 5, a cascode has beange. Note that we use only one current source for the common
added to the common-source amplifier, and we see how the foedk terminal in the pair (rather than individual current drives
guency response is greatly improved. A third way to reduce ther each transistor); otherwise, we would have mismatch
slew-rate limitation (for instance in a CDB differential pair) igoroblems in the pair. Also note that any noise injected because
proposed in [9]: the type Il CDB technique. By adding a thirdf the current drive will enter the amplifier as a common-mode
collector to the BJT and shorting this to its base, the curresignal and thus be rejected. Assuming we can reduce the

available for slewing can be increased by a base—collector ctireshold voltage untilV},| = 0.4 V by current driving the
rent gain. bulk, we now get
ZVDS,sat - |‘/t/h| = —0.2 V 5 Vé]\i 5 0.6 V

IV. 1-V FoLDED CASCODEOTA

Fig. 6 shows our OTA. It is a standard folded cascode
transconductance amplifier with a CDB differential pair, an@hus, we now have a 0.4-V overlap in the valid input and output
a CDB output current mirror (for simplicity, a straightforwardanges. To get more voltage room for the current mirror, we also
bias circuit is shown). Assuming a standard strong inversieurrent drive the bulk of the transistors in this.

= Vbp — |Viul — Vs sat- 4)

design withVpp = 1V, Vss = 0V, |Vi] = 0.6V, and As the drains of all the current driven bulk transistors are cas-
Vbs,sat = 0.1V, the range of the input common-mode voltageoded, we will not expect any parasitic poles from the CDB
would be technique. However, when a large common-mode input signal
change is applied, the bulk—drain voltage of the input pair will
Vbssat — [Vin| = 0.5V S Ven S0.2V change, which might cause slewing in this stage. We reduce this
= Vop — [Vin] — 2VDs sat (2) slewing effect by adding a coupling capacitgx between the

bulk and the source of the pair. In such a low-voltage design, it
is an advantage to operate the cascoding transistéysi/s) in
Wis.car = 0.2V S tvous 0.8V = Vop — 2Vbs ae.  (3) subthreshold, agthatmakes it easie_r.to generate the bia; voltages
’ ’ Vhiasz aNdViiasq, itiS, however not critical. The other transistors
Note that there is only just enough voltage for the cascode c@i#r—M;3) should work in strong inversion as good matching
rent mirror to function, which does not make a particularly googives the lowest overall offset error. The transistor dimensions
design. used in our amplifier are shown in Table I.

which is not compatible with the output voltage range
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Fig. 10. MeasuredX) and Simulated (—) CDB OTA ac responses.
0.5
no transistors are driven with a bulk current. Itis evident that our
=04 CDB technique enables us to use this ultra-low power supply.
‘g Fig. 9 shows the dc gain as a function of the common-mode
=03

input voltage. We see that at a 1-V power supply, we have a
0.65-V common-mode input range in which the amplifier has at
leasta 62-dB gain; and an overlap of about 0.3 Vin the input and
output voltage ranges. Fig. 10 compares the measured and sim-

‘ Vem=0V
\ Vcr{1=250 mv

0.17 Y N ulated ac characteristics of the amplifier when loaded with 20
pF. The measured and simulated amplitude characteristics agree
95 5 o 5 10 Very well. The measured phase margin is somewhat worse than
Vdiff [mV] the simulated one. This is probably due to inaccurate modeling

of the BJT. Quantitatively, the measurements are the same for all
Fig. 8. Measured CDB OTA dc responsedat, = 0.75 V with and without common-mode input V0|tages; also, they are the same regard-
(two bottom traces) bulk current. less of whethe€’y is present or not. The slew rate is also virtu-
ally independent of the presence®@f, and the CDB-induced
V. MEASUREMENTS slewing shows only at a 0.7-V power supply, which could be be-

An experimental amplifier has been fabricated in a stand rguse the BJT current gain 1s low. It has a gain bandwidth of 2
0.5-4+:m CMOS process. It has been designed with a quite hi zanda phas_e_ margin of S/These are all respectat_)le data
total bias current, 4QA, such that it can drive a 20-pF off-chip orany _1'V amplifier, which means that the CDB techmque_ can
capacitive load while having a 1-MHz-range gain bandmdtﬂe applied wherever low-voltage LF analog signal processing is
(a version for on-chip applications is straightforward to do b quired (e.g., in hearing aids, implants, watches, or similar bat-
transistor scaling). The coupling capaci@g can be chosen to ery operated devices). Table Il summarizes the amplifier char-
10 or 0 pF. The nominal value of the bulk currentligs = acteristics.
10 nA, which (given a BJT current gain of about 100) gives
a 10% increase in the differential pair quiescent current. The
strong inversion transistors have been designed to operate withn this paper, we implemented an ultra-low supply voltage
effective gate—source voltages around 100 mV. folded cascode OTA in a standard CMOS process. At a 1-V
Fig. 7 shows the measured dc transfer function of our ampewer supply, it has a 0.3-V overlap in the allowed input
plifier for different common-mode input voltages, using a 1-\Yommon-mode range and the output voltage range, a dc gain
power supply; the high-gain region is readily identified. We alsof 69 dB and a 2-MHz bandwidth. The amplifier works with
notice that the input referred offset error of the amplifier is less power supply of less than 0.8 V (with a somewhat degraded
than 1 mV. Fig. 8 shows the dc transfer function using a 0.75pérformance, though). This design was made possible by a new
power supply; this figure also show the transfer function wheechnique to lower the MOST threshold voltage, current driven

VI. CONCLUSION
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TABLE I
CDB OTA MEASURED FIGURES OFMERIT
Supply voltage 1.0V 0.8V 0.7V
Common-mode input range 0.0V-0.65V 0.0V-04V 0.0V-03V
High gain output range 0.35V-0.75V 0.25V-0.5V 0.2V-04V
Output saturation limits 0.1V-09V 0.15V-0.65V 0.1V-06V
DC gain 62dB-69dB 46 dB-53dB 33dB-36dB
Gain-bandwidth 2.0 MHz 0.8 MHz 1.3 MHz
Slew-rate 0.5V/us 0.4V /us 0.1V/us
Phase margin 57°¢ 54° 48°

bulk, where we force a constant current out of the bulk terminal.[9] T. Lehmann and M. Cassia, “1-V OTA using current driven bulk cir-
Initially, the drain—bulk capacitance gives these circuits poor  cuits,”J. Circuits, Systems and Computers, 2001, to be published.
high-frequency performance, but its effect can be compensated

for using cascodes as experimentally verified—or by using

additional circuits in the CDB structure. Torsten Lehmannwas born in Bagsveerd, Denmark,
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