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IC Implementation of a Programmable CMOS Voltage Reference”

Zhang Ke, Guo Jianmin, Kong Ming, and Li Wenhong'

(State Key Laboratory of ASIC & System , Fudan University, Shanghai 201203, China)

Abstract: A new approach for the design and implementation of a programmable voltage reference based on an
improved current mode bandgap voltage reference is presented. The circuit is simulated and fabricated with Char-
tered 0.35ym mixed-signal technology. Measurements demonstrate that the temperature coefficient is
+36.3ppm/C from 0 to 100C when the VID inputs are 11110. As the supply voltage is varied from 2.7 to 5V,
the voltage reference varies by about 5mV. The maximum glitch of the transient response is about 20mV at
125kHz. Depending on the state of the five VID inputs,an output voltage between 1.1 and 1.85V is programmed
in increments of 25mV.

Key words: voltage regulation modules; current mode bandgap voltage reference; temperature coefficient; pow-
er supply rejection ratio; programmable voltage reference

Jan. ,2007

EEACC.: 1280; 2560; 2570D

CLC number; TN432 Document code: A

1 Introduction

Precision voltage references are critical com-
ponents in many applications such as analog to
digital converters C(ADCs) , digital to analog con-
verters (DACs) , DC-DC converters, and portable
devices and instruments because they determine
the accuracy of these systems.

Digital controllers used in voltage regulation
modules (VRMs) have many advantages over an-
alogue controllers due to their low quiescent pow-
er,immunity to analog component variations,ease
of integration with other digital systems,ability to
implement sophisticated control schemes,and po-
tentially faster design process. A simplified block
diagram of the key functions of this controller re-
quires a programmable voltage reference and a
fixed bandgap voltage reference'’ . They are used
to set the output voltage(s) of the VRM,and they
are also made available off chip for ancillary
uses.

Previous research has focused on the develop-
ment of a programmable voltage reference in a
CMOS process that could be further developed to
meet the requirements of an integrated digital

[2,3]

controller®?® . Reference [2] presents a method
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based on IPTC and INTC generators and a scaling
circuit. However,it is based on an operational am-
plifier and can only produce two or three variable
voltage references. Unlike conventional bandgap
circuits, Reference [ 3] presents MOS transistors
operating in the subthreshold region instead of bi-
polar transistors to generate PTAT and IPTAT
currents. Use of the current conveyor allows the
circuit to operate at a lower supply voltage and
generate variable as well as multiple voltage refer-
ences. However,the PSRR is not good enough for
practical implementations.

Therefore,the objective of this research is to
design,develop,and test a programmable bandgap
voltage reference to be implemented in a fully
customizable mixed-signal ASIC in a 0.35um
CMOS process that is fully compliant with the In-
tel VRM9. 0/9.1 VID specification shown in Ta-
ble 1 and can be used in a VRM ASIC for an Intel
Pentium® IIT processor™* . It is also expected that
it will find use in VRM10.0/10. 1 after the im-
provement of the Intel Pentium® IV processor.

2 Improved current mode voltage ref-
erence

A conventional op-amp based bandgap voltage
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Table 1 VRMO9. 0/9. 1 voltage identification(VID) table
Processor pins(0 =low,1 = high) Ve
VID4 VID3 VID2 VID1 VIDO /V
1 1 1 1 1 Off
1 1 1 1 0 1.1
1 1 1 0 1 1.125
1 1 1 0 0 1.15
1 1 0 1 1 1. 175
1 1 0 1 0 1.2
1 1 0 0 1 1. 225
1 1 0 0 0 1. 250
1 0 1 1 1 1. 275
1 0 1 1 0 1.3
1 0 1 0 1 1. 325
1 0 1 0 0 1.35
1 0 0 1 1 1. 375
1 0 0 1 0 1.4
1 0 0 0 1 1.425
1 0 0 0 0 1.45
0 1 1 1 1 1. 475
0 1 1 1 0 1.5
0 1 1 0 1 1. 525
0 1 1 0 0 1.55
0 1 0 1 1 1. 575
0 1 0 1 0 1.6
0 1 0 0 1 1. 625
0 1 0 0 0 1.65
0 0 1 1 1 1. 675
0 0 1 1 0 1.7
0 0 1 0 1 1. 725
0 0 1 0 0 1.75
0 0 0 1 1 1.775
0 0 0 1 0 1.8
0 0 0 0 1 1. 825
0 0 0 0 0 1.85

reference circuitt®~ ¥

generates a fixed output of a-
round 1.2V, which makes the circuit unable to
provide variable voltages from 1.1 to 1.85V. To

overcome this limitation of the conventional ar-

chitecture,the design of a current-mode (CM) ar-
chitecture CMOS bandgap voltage reference with
arbitrary voltage value achieved by setting the re-
sistor value is presented-* 1,

This paper demonstrates an improved CM
bandgap reference with high PSRR. The basic
idea is to have a low voltage cascode current mir-
ror biased by the output of the op-amp,as shown
in Fig. 1, which decreases the current distortion
compared with the basic pMOS current mirror in
Refs.[10,11], makes the power dissipation lower
than that of the common cascode current mirror
in Ref. [12], feeds the supply noise directly into
the feedback loop, and modulates the gate with
respect to the source terminals of the pMOS cur-
rent mirror. This would reduce the variation in
drain current from the pMOS and allow the refer-
ence node to be less sensitive to the supply noise.
Moreover, long-channel devices are chosen to
minimize the channel-length modulation effect.
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Fig.1 Improved CM bandgap reference

The complete circuit consists of a bias cir-
cuit, a start-up circuit, an operational amplifier,
and the core block including two pnp bipolar
junction transistors ( BJTs), which are shown in
Fig.2.
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Fig.2 Complete circuit of improved CM bandgap voltage reference
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2.1 Design of operational amplifier

As shown in Fig. 2, P4 and P5 consist of the
differential input pair of the op-amp. Similar to
conventional bandgap references, the offset volt-
age V, of the amplifier is one of the main factors
that lead to drifts and the accuracy of the refer-
ence voltage Vyggr. According to Eq. (1), V, is
amplified by a ratio factor of R;/R,.
Q—Z[VEB+%(AVEB+ v ] @
The offset voltage V,, depends mainly on the

Veer = IR =

effect of the mismatches of transistor size and
threshold voltage of the input differential pair of
the op-amp. V., is also relative to the gain of the
amplifier in the open loop. To reduce V,, and de-
press the disturbance due to the fluctuation of the
power supply resulting from abrupt interference
from the surroundings, it is essential to improve
the DC gain and PSRR of the amplifier as much
as possible. In addition, sufficient consideration
for symmetrical and compact layout of the circuit
system is absolutely necessary.

2.2 Start-up circuit

As shown in Fig. 2,the start-up circuit is com-
posed of MS1,MS2Z,and MS3. It provides start-up
current for the op-amp. When the circuit operates
in the zero-current state, the gate voltages of P1,
P2,are pulled high and close to the supply Vpp.
The gate voltage of N1,with N2 the same as MS3,
is pulled low,so that MS3 is cut off,and the gate
voltage of N2 is pulled high. This turns on N2 to
inject current to the bias circuit. With the increase
of the gate voltage of N2, the drain voltage of
MS3 pulls low and cuts off MSZ2.

The W/L ratio of MS1 is critical since the
loop of the reference core is destroyed if MS2
cannot be completely cut off after start-up. To en-
sure a complete cut-off of MS2,the W/L ratio of
MS1 is chosen to be much less than one.

3 Programmable voltage reference

The bandgap output voltage is programmable
by scaling up or down the output current I. This
can be done easily by changing the W/L of M3
and M6 in Fig.1,or it can be programmed digital-
ly by adding the binary weighted currents using a
current DAC as shown in Figs.3 and 4.
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Fig. 3 Schematic for programmable CM bandgap ref-
erence

However,Reference [ 3] used a 2-to-1 MUX
to scale up or down the current [I. This has a
drawback that it has a large glitch of about
100mV due to the different state “0” or “1” of the
VID input, especially if the input states change
from 10000 to 01111. Figure 4 shows a proposed
deglitching circuit with an efficient pMOS glitch
protection transistor. The digital glitch noise oc-
curs at the gate voltage of P3,and P4 is protected
at the pMOS transistors P5 and P6 that work
in the saturation state. With the proposed circuit,

II{I",I“

— —[ P3n Ppan

o

P5n Pé6n

IRI‘II"—

Fig. 4 A 5-bit current DAC for the PVR
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the digital glitch noise can be reduced to the order
of 10 or 20 V. Compared to the current DAC in
Ref.[ 3], the desired match and deglitching per-
formance is much better.

The mismatch of the current [ is a critical
problem. The MOSFETs controlled by the bias
voltages V,; and V,, work in saturation while a
leg of current is turned on. When the channel-
length modulation effect is ignored, the square e-
quation for MOSFETsS in the saturation region is

1= tsex Wy, - vy ()

Thus the variable current Al can be given by
Al _ A Co) L AW AL 20V, 3)

I 2 Cox w L Ve = Vi

where 4, Coy and Vy, are technology-dependent
constants. From Eq. (3), large W and L mean
good match performance. However, a large para-

sitic capacitor will inevitably influence the speed
of the current DAC. In practical implementation,
a trade off should be taken into account. Reasona-
ble W, L ,and V, will decrease the current distor-
tion.

4 Results

Figure 5 shows the layout drawing and photo-
graph of the programmable CMOS voltage refer-
ence. The chip is fabricated with Chartered
0.35ym CMOS technology. The chip area of the
core cell is about 357m X 300pm. In Fig.5,the ar-
ea of the thermometer decoder current DAC
block occupies about 50% of the total area. The
power consumption of the reference is only about
2.5mW with a 3.3V power supply.

Fig. 5 Chip layout drawing and photograph for the PVR

It was tested at temperatures from 0 to 100C
and supply voltages from 2.7 to 5. 5V. Figure 6
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Fig.6 TC of the voltage reference when VID =11110

shows a plot of the simulated and the actual meas-
ured output voltage over temperature with a 3. 3V
power supply. The simulation results from the
HSPICE demonstrate that the TC 1is about
16. 2ppm/C from 0 to 100C and the PSRR is
—83. 2dB at 1kHz.

With no trimming scheme, the temperature
performance of the measured results is still rea-
sonably good. At Vpp = 3.3V, VID = 11110, the
output varies by £4mV (£ 36.3ppm/C) from 0
to 100C . As shown in Fig. 8, the maximum meas-
ured error of the reference is less than 0.6% at
different states of the VID inputs.

The PSRR was measured by noting how the
output voltage changed as the supply voltage var-
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ied from 2.7 to 5V. In this supply range, the out-
put voltage varied by 5mV at VID =11110. Figure
7 shows the measurement results. Each voltage
reference relative to the VID has the same voltage
variance of about 5mV. As shown in Fig. 9, the
maximum measured error of the reference is less
than 0. 8% at different states of the VID inputs.
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Fig.9 Typical error versus supply voltage when T =
27C

The transient response of the programmable
bandgap reference is shown in Fig. 10. An FPGA
board (Xilinx virtex-II pro) was used to generate
the VID[4 : 0], and the frequency of VIDO was
125kHz. The result obtained with a Tektronix
TDS5032 Digital Phosphor Oscilloscope is shown
in Fig.10. The maximum glitch of the PVR is a-
bout 20mV ,and the steps are 25mV.

Fig. 10  Transient response of the programmable
bandgap reference (VIDO at 125kHz)

5 Conclusion

Previous references do not provide the meas-
urements of the programmable voltage refer-
ences. A new approach for the implementation of
a programmable voltage reference based on a CM
bandgap voltage reference has been used in a DC-
DC digital controller successfully. The TC of the
reference is +36. 3ppm/C from 0 to 100C when
the VID inputs are 11110. As the supply voltage
varies from 2.7 to 5V, the voltage reference va-
ries by about 5mV. The maximum glitch of the
transient response is about 20mV at 125kHz. De-
pending on the state of the five VID inputs, an
output voltage between 1.1 and 1.85V can be
programmed in 25mV increments.
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