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Abstract
I Vdd

The adjustable balanced-signal current amplifier presente
in this paper amplifies a current by first transforming it into a
voltage signal using two poly-silicon resistors and then back
into a current signal using a single MOSFET resistor operat-
ing in the linear region. We implemented the amplifier in the Figure 1: Adjustable Current Amplifier: Concept.
double-poly 0.sm CMOS process by Austria Mikro Sys-

teme International. It consumes 12.4 mW from a 3.3V SURS MOSEET-C rather than RC filters. We chose to use

ply gngl COVeTS an area O.f 0'0.7 rﬁmMe.as.uremer_“s ShOVchrrent amplifiers and build current-mode MOSFET-C
that it is suitable for building biquadratic filters with a spu-%

Rin

Vcontrol

. . filters because very fast low-gain open-loop amplifiers
rious-free dynamic range of more than 45dB, a pole Q ofC n be built by Comybining a Io?/v-impzdanceﬁnpufstage
and a.p'ole.frequency .Of up to 900 k'._'z.' W? also §h0w ”\% th a low-gain stage consisting of current mirrors [2].
a modification of the circuit allows building filters with poleAS usual in MOSFET-C filters, a differential-input bal-
frequencies up to 6 MHz. anced-output current amplifier is required such that the

even-order nonlinearities of the MOSFET resistors are
cancelled [2—-4].
It was shown in [2] that a filter wity, = 3 and a stan-

Our motivation for building an adjustable current ampl@ard deviatiorrg, = 3% can be readily implemented in
fier, called current-controlled current source (CCCS) faMOS. If this is not precise enough, it is either nec-
this paper, is the integration of single-amplifier biqu&ssary to tune the component spread of the MOSFET
dratic filters (SABs) in CMOS, to be used, for exampléesistors as well, which makes the tuning circuitry very
as video-frequency anti-aliasing filters on the same ctipmplicated, or the gain of the current amplifier, which
with sampled-data systems. makes _it necessary to implement an adjustable_ CCcCs.
The low-gain amplifier needed for building Sallen- In this paper, we discuss the implementation of a
Key SABs is normally implemented as a high-gain volf*CCS whose gain can be adjusted by controlling the
age amplifier (opamp) with negative feedback. TH¥te voltage of a smgle MO_SFET resistor. .Compared
feedback stabilizes the gain and reduces harmonic dfs-Other implementations with more complicated ad-
tortion and output resistance by a factor proportionlélStame resistors (c.f. [_5]), our amplifier is faster at the
to the feedback loop gain. However, a lowpass filté@Me power consumption, but also less linear.
can still operate properly if itsfy is so close to the Ve will now present design and measurements of a
opamp’s unity-gain frequency that the open-loop gal@st circuit built using 'the 0.pm doubIe-ponICMOS
is only about five. Then the stabilization is no longdiocess by Austria Mikro Systeme International, and
very effective, and using open-loop low-gain amplifietd€ Will show that it is possible to build a 6 MHz fil-
becomes attractive: the resulting filter will consume le&f With gp = 3 and a spurious-free dynamic range of
power, but will also be slightly less linear. 45dB using this process and our amplifier.
In a Sallen-Key lowpass filter, the pole frequency
fp depends on!y on the_ ggometric means of the resjs- circuit Description
tors and capacitors, while its pole quality factprde-
pends only on the component spreads and the amplifiéie concept of our adjustable CCCS is shown in Fig. 1.
gain [2]. Because of the notoriously low precision ofhe input current ;" flows through a poly-silicon re-
absolute component values on CMOS fGmme of the sistor Rj,. The resulting voltage is buffered with unity
passive componentsust be adjustablt® tune the pole gain. The same happens wilj]. The voltage differ-
frequency of the filter. This is why such filters are buiénce over the MOSFET resistor causes a current to flow
*Signal and Information Processing Laboratory, Swiss FedeOUt of one voltage buffer and into the other. Both cur-
Institu?e of Technology, Sternwartstragse 7, 8092yiUrich, Switzef;%lnts are sensed and mlrrore(_j to h|gh-|mpedan(;e out-
land. E-Mail contacth.p.schmid@ieee.org puts. The overall current gain can then be adjusted

1poly-silicon resistors can easily have a standard deviation@§MOSt "near!y by varying the control voltage of the
20% or more. MOSFET resistor.

1 Introduction




The idea of implementing a transconductance ampli-
fier by connecting two voltage buffers to a simulate __
resistor was presented in [5], but there a six-transis
resistor was used. We show in this paper that using
single MOSFET resistor is sufficient, provided that th
input signal is in differential mode. A pure differen;
tial-mode voltage signal applied to a strongly inverte
MOSFET in the linear region will theoretically caus
a distortion-free channel current [6]. Any commo
mode signal will be rejected almost completely, sing]
it is the voltagaifferencewhich is converted into a cur-
rent. However, simply stating that the common-moc¢
rejection ratio is very high would be misleading, sing|
a common-mode signal changes the resistance of |
MOSFET resistor and thereforaodulates the ampli- |
tude of the differential-mode signal.

We had to use pMOS resistors in our 3.3V desig
because in the AMS 048m process, the nMOS transis-
tors have the larger body effect constanfThis causes Figure 3: Chip photo.
the nMOS channel to be less strongly inverted than the
pPMOS channel, which increases both the standard deyiit, the ‘agnd’ line would bounce and feed interference
atiqn of the MOSFET resistance and the harmonic diﬁto every other component on the chip using analog
tortion. ground as a reference voltage. The adjustable CCCS

Itis also advantageous to make the voltage differengrefore consists of four voltage buffers, fourteen con-
between the MOSFET’s gate and channel as largesgsnt current sources providing the currelggs two
possible. One way to do this is to choose the operatiggrrent mirror output stages and a single MOSFET re-
point voltage of the voltage buffer outputs above analggstor.
ground (agnd, in our design the voltage in the middle The schematic of the half-circuit is shown in Fig. 4.
between the rails). Therefore a voltage buffer with volirhe bias voltage applied to ‘vbias’ is buffered, with
age level shift must be used. We chose the same bufiehegative level shift, by the first voltage buffer
that was used in [5]; it is shown in Fig. 2. M[2,3][1-6]2 M23 provides the voltage buffering

The operation of the circuit in Fig. 2 is fairly straightfunction, M 33 collects the current applied to ‘iin’, and
forward. Transistor M 43 is biased with a constant cughe other transistors form constant current sources, all
rent Inias  This makes its gate-source voltage appro¥upplying the same curreiyias The voltage drop over
imately constant as well, and it acts as voltage buffgfe poly-silicon resistoR;, is then copied to ‘vout’, the
with a voltage level shift of approximately 1.25V inerminal connected to the MOSFET resistor, by the volt-
our implementation. Any current flowing through thege buffer M[4,5][1-6] from Fig. 2. M 1[3-6] form a
terminal Vot is conducted by M 53, which is also bi-class A current mirror together with M53. Since the
ased withlpias This current is then mirrored by M 13drain voltage of M 13 is always lower than the drain
and provided at the high-impedance output; voltage of M 53, the former is made a bit wider than

The same voltage buffer is used a second time in tie latter to compensate for systematic offset.
circuit, namely to provide the signal ground to which e biased all cascode transistors by analog ground,
Rin is connected. Connecting it directly to the analogyhich results in an output voltage swing sufficiently
ground (‘agnd’) line on the chip would be a bad ideggrge to build MOSFET-C filters [2]. The voltage ap-
since the signal current injected into that line woulglied to ‘vbias’ is approximately 1.1V above analog
cause a voltage drop at the bonding wires. As a Igound and sets both the signal ground at the current

input and the operating point voltage at the MOSFET
g) lbias émbias resistor’s terminals, which is about 1.2V above ‘agnd’
in our implementation.
1 The circuit described above was implemented using
Vin o— [1M 43 the AMS 0.6um process. A chip photo of the full CCCS
is shown in Fig. 3. Its area, including interconnections,
M 131 M3 bias circuits and an empty8n perimeter around every-
(P Ibias thing, is only 0.07 mrf.
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Figure 2: Voltage buffer with level shift. 2M[2,3][1-6] denotes all transistors whose first digitis a 2 or a
3, and whose second digit is in the range 1-6.




Transistor Dimensions

biasp o H‘]_MlG H‘]_MZG M‘]_NMG [ M56 M[2-4]1 100x 1.8pum

‘b ‘b ‘b ! M [2-4]2 96x 0.6pum

agndo_[[M15 M2 M5 |+ mss M13 130.8x 1.8um

= 'H . L= M[2,5]3 126x 1.8um

iout o——¢ [i iin o vout M[3,4]3 200.1x 1.2um

vbias o[ m23 » M 41 120x 0.6pm

agndo—— | m14 N[ was M[1,2,45]5  224x 0.6pum

wis | e M[1,2,4,5]6  300x 1.8um
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Figure 4: Adjustable Current Amplifier: Half-Circuit Schematic.
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Figure 5: Measured transfer function f&control = Figure 6: Distortion measurements: THD, HD 2 and
—1.65V andV¢ontrol= —1.30V (dashed). HD 3 measured at 50 kHz and 2.4 MHz.
3 Measurement Results and Discussion Figure 6 shows the measured second-order (HD 2),

third-order (HD 3) and total harmonic distortion (THD)

The measurement results presented in this section sfighfféauencies of 50kHz and 2.4 MHz. The latter fre-
that the CCCS on the test chip has too low a spuriol@€ncy is one fifth of the 12 MHz mentioned above,
free dynamic for building biquadratic filters with a pol/hich is where the THD of a lowpass filter is conven-
frequency higher than 1MHz. The reason is that ﬂ_qgnally_ measured. It is obvious that the_ 2.4_MHz_ curve
output resistance of the voltage buffer driving the MOgS dominated by second-order harmonic distortion, in-
FET resistor is too high. We will demonstrate, howeveficating that the two balanced paths match very badly.
that much can be gained through using a more elaborkt@ /0W-output-resistance voltage buffer is used, the
voltage buffer with a lower output resistance, through/© Paths match much better, and the second-order har-
two effects: First, this makes the two balanced sign&onic distortion decreases considerably. _
paths match better, which reduces mainly the second"Sing & voltage buffer with local feedback having a
order harmonic distortion (HD 2). Second, the transfi&V Output resistanc&y also makes the output char-

characteristic generally becomes more linear, which @;teristic more linear, which can be seen in Fig. 7. This
duces all odd-order harmonic distortion. figure shows the measured THD (at 50 kHz), and the

The transfer function of the CCCS is shown in Fig. %HDS calculated from simulated DC characterisfics.

for two control voltages. In between them, the DC gainhe calculated and measured curves agree very well. It

can be tuned almost linearly from 2.1 up to 2.5 wit can also be seen that the | Curve raises at much

out affecting the phase of the transfer function, which iégher current levels, and raises steeper, which indi-

more than enough to tur,. The phase lag reache cates that the remaining distortion is essentially caused

—30 degrees at 12 MHz, which is therefore appro )y clipping when the signal current comes close to the

mately the maximum frequency at which an SAB can 3note that the “noise” in the simulated curves is an artefact
reasonably be expected to operate [1]. caused by round-off errors of the programme calculating the THD.
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Figure 7: Measured and simulated THD (see text). Figure 8: SNR in function off, for gp = 3.

MOSFET resistor’s saturation current. At the distortioh Conclusions

level of —45dB required for most video applications, ] ) o
the maximum possible input signal magnitude increasBde adjustable, balanced-signal CCCS presented in this
from 9pA to 36pA, or by 12 dB, when a lowRy ¢ volt-  Paper can be _used to build wdeo-fre_zquency f|_|ter up to
age buffer is used. pole frequencies of about 6 MHz with a spurious-free

The noise in the CCCS is mainly caused by tlﬁynamic range pf 45-dB or more. Itis small (0.07 Am
active elements, the resistors do not matter. @d power-efficient (it consumes only 12.4 mW). How-

video-frequency circuits, the measured spectral défYel» We conclude from the discussion above that a
sity of the equivalent white-noise input curreiti = p(_)le frequency of 6 MHz can probably not be exceeded
14pA/v/Hz, clearly dominates the/f-noise. The With the 0.6um double-poly CMOS process by Aus-
noise power and the spurious-free dynamic range ﬂ]tg@ Mikro Systeme International. This is still far be-

depend on the specific filter built using this amplifier. 'OW What is possible with this process (c.f. the 24 MHz

For example, the noise bandwidth of a second-ord\%PSFET'C lowpass filter in [2]). If the filter frequency

lowpass filterisz /2-qp - fp. The spurious-free dynamic.S ould _be pushed towards the phy_sical "’T‘“S withc_)ut
range is defined as the point where the noise-to—sig%ria&'}ng tehde asnu dp?r:)é K/?(lgaSgFell:Tarz)s(ies?(-)?asfnr:z:izhaeljst
ratio (NSR) is equal to the total harmonic distortio us us P

(THD), where the latter is conventionally measured Ftuned, as mentioned in the introduction.
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