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ABSTRACT. The design and measurements of 8-bit DACs based on L-2letagiathitecture are
presented. The main design goals were low power consumatidriow area. Such features are
needed for DACs trimming parameters in each channel of aichatinel readout system. The
PMOS and the NMOS based DACs are studied, for wide range singiaonditions, in two op-
eration modes — as a current generator and a current divither NMOS and PMOS prototypes
occupying respectively 0.034 nfnand 0.043 mrh are fabricated in 0.35m CMOS technology
and tested. The measurements show full functionality withrmhaximum INL and DNL errors
below 0.4 LSB. The measured DAC power consumption is about\80
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1 Introduction

In multichannel readout systems of high energy physics raxgats digital to analog converters
(DACs) are commonly used to control various parametersdikeriminator threshold voltage or
current/voltage bias. The systematic and the random mitraatof CMOS technologies force the
use of trimming DACs to obtain a uniform channel to channdiavér in a multichannel ASIC.
For these reasons a DAC with moderate (6—8 bits) resolwaitmvy power consumption and a small
die area, is one of the basic building blocks requested imihiéichannel readout system. The goal
of this paper is to design 8-bit DACs conforming to these gpations.

In section 2, the operation principle of L-2L DAC, with a paunlar attention to mismatch and
offset effects, is discussed. Section 3 describes themesihe proposed NMOS and PMOS based
DACs. The measurements results are presented in section 4.

2 L-2L DAC architecture

2.1 Binary weighting principle

For any bias condition the drain current of MOS transistoprigportional to its width-to-length
ratio. Based on this statement it can be shown that any gesiedlel connection of identical
transistors can be treated as one transistor with equivasgrect ratio, as shown in figute Since

the main branches of circuit in figudeare equivalent the current is equally divided between the
branches], 2].
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Figure 1. Principle of current division and L-2L ladder design.

2.2 Short channel effects

In modern deep submicron CMOS processesstimt channel effeds an important factor which
affects the drain current of MOSFETSs. The most importanttstttannel effect in designing L-2L
ladder is thecarrier velocity saturation(CVS). The effect becomes significant for devices with
reduced channel length, for which the proportionality hkestw carrier velocity and longitudinal
electrical field vanishes (see expressi@ri)). To reduce this effect the device should work in deep
linear region or should have long enough changgl

o
Heat = ——E2— (2.1)
V|
1+ (I’II_OVS;S)
2.3 Mismatch effects

The most important limitations of DAC resolution come frame tmismatch effects. The mismatch
is caused by the fluctuations of polysilicon shape, dopingyabe oxide thickness. Based on Pel-
grom model B, 4] the dispersion of transistor current can be written as:

e for saturation region

o(lg) = \/VC‘%L + (2'103:f-Awh>2.W}L7 2.2)
o for linear region:
A (100% A, ) 1 MVgs\ 2
o(lg) = WL + (Vod— %Vds> WL + (100%- Vae > , (2.3)

whereVog = Vgs— Vin is overdrive voltage.

One can see that the main way to minimize transistor mismiatthincrease the device area
and/or to increase the overdrive voltage. For the devicekingin linear region any variance in
drain-source voltage can also seriously deteriorate thimnpeance of current division. For this
reason any input offset of amplifier, setting the potentiati@in/source node, can be a serious
limitation of L-2L DAC resolution.
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Figure 3. Schematic diagram of proposed DAC.

2.3.1 Amplifier input offset

The input offset of differential amplifier (figur®) has two components. The first one comes from
threshold voltage mismatch in the input pair, while the secflsom current mismatch in the load.
Using the Pelgrom mismatch model one can obtain followingression for the input offset of
differential amplifier.

2.2 V2, .02
_ _ ~ 2 lp odv By
Vot fset= Vgs, — Vgg & \/O-VthN + gml%l + 2 (2.4)

For the minimum offset one would need a high transconduetarfiche input pair working with
low overdrive voltage, and a large area of the load deviceking with high overdrive voltage.

3 L-2L DAC implementation

The proposed NMOS version of L-2L DAC core is shown in figBréA complementary circuit is
implemented for the PMOS version. The proposed DAC is desida test the L-2L architecture
and can work in two different modes: as a current generataarurrent divider. In the first mode
the noddj, (see figure) is shorted to ground (&fyq for PMOS version). For this mode the current
generated by the ladder depends strongly on biasing conglifiyias in saturation regionvpias and
Viet in linear region). The transistoid. andMy work as switchesH]. The default bias conditions
are set in order to obtain the least significant bit (LSB) entrequal 25 nA (LSB voltage step
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Figure 4. Schematic diagram of output amplifier.

Figure 5. Micrograph of fabricated prototypes.

about 0.5 mV) what corresponds W55 about 1.2 V for the NMOS and 1.45 V for the PMOS
ladder respectively. In the current divider mode the LSBenirwas fixed to constant value and
the ladder linearity was investigated in different biastogditions.

3.1 Output amplifier

Due to the relatively high current generated by the L-2L &dioh the current generator mode
at maximum gate potentiaMgas = Vyd), @ two stage class AB output amplifier was designed.
The schematic diagram of the output amplifier is shown in &gur The first stage is based on
an operational transconductance amplifier (OTA) while theoad output stage uses theating
current sourcd6] bias. To ensure stability, a classical Miller compensatechnique with nulling
resistor is used. The simulated key parameters are: opprgkin 109 dB, gain-bandwidth product
2 MHz, input offset 2 mV, and noise rms 0.1 mV.

4 Measurements results

The first prototypes of PMOS and NMOS DACs were fabricatedtimapoly four-metal 0.35um
CMOS technology. The dimensions of DAC cores are 84@5 um? for the PMOS version and
295x 116 um? for the NMOS version respectively. The chip micrograph isvehin figure5. The
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Figure 6. Nonlinearities of NMOS DAC at default biasing conditions.

measured DAC power consumption at default settings is ar80muW. It is similar for the NMOS
and the PMOS version since it comes mainly from the outputliiempwhich consumes around
60 uW. The DAC performance was verified over a wide range of bgasonditions in two modes
of operation, as a current generator and current dividezaBge of the foreseen DAC applications,
only the static measurements of linearity were done. Thérdek AWG2021 arbitrary waveform
generator was used as pattern generator and the AgilenOBEsficonductor analyzer to generate
all bias potentials and to measure the DAC output voltage.

4.1 Current generator mode

In this mode of operation four DACs were tested. In figBréhe linearity measurements, i.e.
the transfer curve and the INL, DNL errors, performed for MdOS DAC, at default biasing
conditions, are presented. It is seen that both INL and D&Y wiithin 0.5 LSB. The NMOS DAC
linearity was verified over a wide range of biasing potestaid similar INL and DNL errors were
obtained. The NMOS DAC works correctly for the gate potdntizs in the range 1.2-2.8 V and
for the Vet in the range 1-2 V. The LSB value for these biasing conditicmsnges from 0.5 mV
(for Vhias = 1.2V) to 4.2 mV {ias = 2.8V) which corresponds to the LSB current range 25-210 nA.

Similar measurements were performed for the PMOS DAC versigpical linearity results
obtained at default biasing conditions are shown in figur&he INL and DNL errors stay well
within 0.5 LSB. The measurements were repeated changingidsang conditions, i.evjas in the
range 0.1-1.4 V an¥,e¢ from 0.5 to 2.5V, and similar INL and DNL errors were obtaindthe
LSB step corresponding to these biasing conditions chainges0.5 mV Vpias = 1.5V) t0 2.2 mV
(Vbias = 0.1V). These values of LSB step correspond to currents in theerdBgl10 nA.

4.2 Current divider mode

The performance of the prototype DACs was also verified inctimeent divider operation mode.
The measurements were done both for the NMOS and the PMOS DAf@e current range 12-
200 nA per LSB. In figurd the nonlinearity errors obtained for the NMOS and the PMOER4e
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Figure 7. Nonlinearities of PMOS DAC at default biasing conditions.
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Figure 8. DAC nonlinearities in current divider mode for three vabfedivided current (NMOS — left,
PMOS — right).

shown for different currents. It is seen that the maximum Eid DNL values are below 0.7 LSB
and much lower in average.

4.3 DAC performance vs power supply

Lastly, the DAC performance was studied as a function of suppltage. It was verified that the
DACs sustain good linearity for supply voltage down to 1.7Typical INL and DNL errors for
NMOS DAC measured at 1.7 V supply voltage are shown in fi@urén fact the only limitation
(except the transistor threshold voltage) to scaling ofpsupoltage in this architecture, is the
correct operating point of the output amplifier.

5 Summary

Two general purpose low power ($0/) small size & 0.04 mn?) 8-bit L-2L DACs were designed,
fabricated and tested. A very good linearity was found ferkiMOS and the PMOS DAC version,
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Figure 9. DAC nonlinearities for 1.7 V of supply voltage.

operating in two different operation modes, i.e. the curgemerator and the current divider mode.
It confirms that the L-2L architecture is a very attractiveicke for DACs in CMOS technologies.
The obtained low power and area match well with DAC requinei:ién a multichannel readout
system, where fine tuning of various parameters (e.g. tblgshin every channel, is often needed.
In the near future the developed circuits and architectaredoreseen to be implemented in such
multichannel readout system.
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