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Abstract—This brief presents a voltage reference (VR) for
modern low power system on chip (SoC) applications, where high
frequency supply ripple can degrade system performance. With a
compact MOSFET low-pass filter, which was developed along
with a feedback technique for a wide bandwidth PSR, the VR
achieves PSR better than 50 dB for frequencies of up to 80 MHz
not achieved in previous works. The proposed all-MOSFET VR
was fabricated in a standard 0.18 gm CMOS process. It achieves a
temperature coefficient (TC) of 19 ppm/°C from — 30 °C to 80 °C.
The line regulation is 0.098 %/V for a step from 1.1 V to 2.3 V
supply voltage with 550 nW power consumption at room
temperature and an area of 0.0180 mm?.

Index Terms— High PSR, All-MOSFET, Sub-1 V, Resistorless,
Non-Bandgap, Low power

I. INTRODUCTION

HE dynamic range of systems is getting substantially

smaller due to scaling down of supply voltages in advanced
CMOS technologies and the high demand for low power mobile
devices. Also, the noise from high frequency switching
converters and from high speed digital circuits, common in
recent SoC applications, has resulted in high frequency supply
ripples [3]. These ripples, when not sufficiently rejected, can be
detrimental to system performance, especially in RF
applications [1]-[3].

As a crucial part of modern SoC applications, voltage
references (VRS) must be able to reject the supply ripple from
noisy circuits [1]. Most techniques designed to make VRs more
immune to supply noise may require an additional amplifier [6],
RC filters, long channel transistors [1], cascode structures [5]
or an additional gain stage [4]. Hence, these solutions come at
the cost of chip area and power consumption.

With the proliferation of human body networks and the rise
in the internet of things (1oT), low power and minimal chip area
is now a necessary VR design requirement. Due to this, the
traditional bandgap reference (BGR) has become a less
attractive solution. Weak inversion designs, [8]-[10] which
have become very attractive for low power applications may
result in up to 15% variation in the reference voltage [8]. This
is due to the inferior transistor ratio matching of weak inversion
designs compared to strong inversion designs [11], [12] and the
inaccuracies of weak inversion transistor models. Furthermore,
the ultralow power (nanowatt) VR solutions that have been
proposed recently [7]-[10], do not achieve the high PSR over
wide frequencies required in modern SoC applications.

This work presents a low power non-bandgap voltage
reference, which only uses MOSFETS. In the proposed VR, a
proportional-to-absolute-temperature  (PTAT) voltage is
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converted to a current proportional to 1,72, This current is used
to extract a temperature-stable reference voltage from the Vs,
of a diode-connected PMOS. Using feedback and a compact all-
MOSFET passive low-pass filter a PSR better than —50 dB for
frequencies up to 80 MHz is achieved.

The rest of the brief is arranged as follows: Section Il presents
the principle of operation of the VR. Section Il presents results
and discussion while Section IV summarizes the advantages of
the novel all-MOSFET-based VR for low power SoC
applications presented in this brief.

Il. PRINCIPLE OF OPERATION

A composite transistor is used to generate a PTAT voltage,
which is then converted to a current proportional to upTZ. This
current serves as a bias current for the whole VR. Finally, a
diode-connected PMOS transistor is used to generate the
reference voltage. Fig. 1. shows the conceptual block diagram
of the proposed VR.

A. Composite Transistor PTAT Generator

The PTAT voltage is generated using the difference between
the Vs of two PMOS transistors biased in sub-threshold region.
The composite transistor shown in Fig. 2a provides the desired
PTAT voltage for the biasing of the VR. This circuit was first
introduced in [12]. To eliminate the body effect through the
source to the body of each transistor, the transistors are
implemented in their own wells.

The drain current, I;,, of a MOSFET in weak inversion based
on the channel diffusion current is given by the expression:

w _Vps\ Ves—Vru
o= () (- )
where I, = (m — 1)uC,, V# is the characteristic current, m is
the slope factor in subthreshold and V. = kq—T is the thermal

voltage.

For Vg = 4V, the effect of the V¢ on the current can be
neglected [12], [13]. From the Fig. 2, using (1), V147 Can be
expressed as;

Verar = Vsg1 — Vsg2 = mVrIn(NK) 2
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Fig. 1: The conceptual bock diagram of the proposed VR circuit. The composite
transistor PTAT voltage generator puts forth the voltage needed to convert to a
bias current for the whole VR. Finally, a diode-connected PMOS transistor (in
the reference generator) is used to generate a temperature independent reference
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Fig. 2:Composite transistor PTAT generator

where N =

SmQ, LS, = (W) and K is the ratio of the currents
SmQ, L)y

through MPQ1 and MPQ2. Fig. 2b shows the simulation results
for the PTAT voltage of Fig. 2a across process corners.

B. Constant-Gn, Bias Circuit (CGBC)

In Fig. 3, a voltage-to-current converter is used to convert the
PTAT voltage from the composite transistor into a current
proportional to ypTZ for biasing of the VR. With the exception
of transistors MPQ1 and MPQ2, which are biased in weak
inversion, all other transistors operate in strong inversion to
ensure better transistor ratio matching [11], [12].

For MP1 and MP2 in strong inversion,

Vsemp1 — Vseupz = Vprar = mVr InKN

Ipjas = (mVT In KN)ZSMpl l ‘

where ky, = p,,Coy. Ip4s is determined by the aspect ratios
(Syp1, Smp2, Sypy @and Syp,) and the current ratio K.
The expression for the temperature dependence of mobility
[14] is given by:
T\%
u(T) = o (T ) , ()
0
where u, is the mobility at temperature T, and a, is the
mobility temperature exponent.
From (4) and (5) the TC of I, 45 IS given by:

(6%1;15) -

T a, 6

TCIBIAS = I = T ( )
BIAS

As seen in Fig. 5b, the bias current decreases with increasing
temperature. This is because a,, is above —2 in IBM 0.18um.
Unlike the conventional constant-gm bias circuit which has
only one feedback loop, an extra feedback path is added by
transistors MNO and MPO. This helps minimize the voltage

lKID
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1 } MV In(KN)

MPQ2 MP1 MP2 ‘
N l—Et
'lID lIBIAS T
4 2:1 IBias =/ {upT z}l
_:l"';“' S t {
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\Feedback _ Verar Gen. ={_V-to-l Converter
Fig. 3:Constant-Gm Bias Circuit (CGBC)
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difference between Nodes 1 and 2 by regulating the gate voltage
of MN1 without requiring MN1 to be diode connected as in the
case of the conventional bias circuit. The feedback helps
increase the loop gain and hence improves the PSR of the bias
circuit.

A loop compensation capacitor (C;) is inserted at the high
impedance Node, 2 and VDD. This creates a dominant pole
formed by C; and gmp1TasmpiRa//Tasmun1- AlSO, Cq can be
connected between Node 2 and Node 3 rather than between
Node 2 and VDD (or GND). Such connection makes use of the
Miller effect introduced by the gain from Node 2 to Node 3.

C. Generating the Reference Voltage (Vzgr)
The complete voltage reference circuit is shown Fig. 4. Since

transistor MP6 works in the strong inversion, the reference

voltage (Vzgr) can be expressed as:

21"/”BIAS

kpSMPé .

Veer = Vsempe = |Vrumps| + (7)
The Vzgr temperature dependence is mainly due to the
temperature dependence of Vryyps, Ipas and of p,. The
Vry decreases linearly with temperature [14] as a first order
approximation given by the expression:
Vru(T) = Vryo — @y, (T — To) (8)

where Vp is the Vy, at temperature To, and ay,,, = a‘;;” .
T=T,

From (7), Igias, Which is dependent on k, (upCox),
eliminates the effect of mobility (u,) temperature dependence
on the output, Vggr. Also, since the I, Varies with the square
of temperature through V;, the Vg in (7) can be expressed as:

Veer = Vrumpe + @V, )
SMPl

SMPl
SMP6 SMPZ

The TC of the output reference voltage, determined by

differentiating (9) while taking note of (8), is
BVREF k
aT

Vrer as seen in (9), does not depend on u,, resulting in a
better thermal stability. The value of ay ., of large channel
PMOQOS in IBM 0.18um CMOS process is 0.990 mV/°C.

By setting (11) to zero, the zero temperature coefficient

(ZTC) is achieved based on the expression;

k
E a = Ay,- (12)

a=mIinKN |M (20)

—Qyy +5 a. (11)

As can be seen, (12) is valid within some approximations and
simplified transistor characteristics. This first-order condition
for a ZTC has been calculated by neglecting non-ideal effects.
Henceforth, if (12) is satisfied, (9) can be written as Viggr =
[Vrsop| + Ayry To-

D. PSR and the Compact MOSFET Low Pass Filter (LPF)

Consider the active load in Fig. 4, the power supply noise at the
VR output is a sum of the supply noise through the gate (path
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Fig. 4: Schematic of the proposed voltage reference with bias'currents

P4) and the source (path P1) of MP5. To minimize the noise at
the output, the supply ripple through P4 needs to be made equal
to the noise through P1.

The expression of the supply noise through P1 to Node 4
(vrer1), 1S given by:
9mmps N 1

(13)

VREF1 = ( )Udd-
Immpe  ImmPeTdsMP5
Assuming the g,nmps = Gmmna the noise at Node 4 through P4

(vrer2) Can be approximated as,
9Immps
== (Aceac + DVaa,
mMP6

where A¢ggc is gain from supply to Node 3. The 1% term of (14)
is due to the noise through P3 and the 2" term is due to the noise
through P2. From (13) and (14), the noise at node 4 is given by:

VRer = VRer1 t VRer2

VREF2 = (14)

_ Ymmps (15)

1
= ACGBC) Vaa-
<gmMP6TdsMP5 Immpe

Also, the voltage (v5) at node 3 can be expressed as:
gmMPQl) i1

ImMN1

ImmnoTasmpo +1

ImmpoTdsMPo (1 -

V3 = Vda. (16)

If gmmpo1 is made equal to g, yn1, (16) is simplified as:

4] 1

A =
CGBC
vdd g, unoTdsMPO

From (15), noise from supply is completely suppressed at the
output when Acgpe = ! . This achieved by setting

(17

ImMP5"dsMP5
the intrinsic gain of MP5 as g,.unoTasmpo @nd it is feasible for
frequencies within the loop bandwidth of the CGBC. At high
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Fig. 5: Simulated (a) frequency response of MOSFET LPF and equivalent
RC model and (b) temperature dependence of IBIAS across process corners

(b) Igj4s across process corners

frequencies, due the parasitic capacitances of MNO — MN4,

Acgpe = 0, leaving v4q at the output.
IdmMPeTdsMP5

The compact MOSFET LPF in Fig. 4 is used to attenuate the
high frequency supply noise at the output. Since the filter is
made of only MOSFETS, MN6 (biased in strong inversion) and
MP7 (at cut off), it occupies a smaller area compared to an RC
filter of similar bandwidth. Although, RC LPF’s are widely
used to improve the PSR of voltage references, the MOSFET
LPF offers a compact solution. From the equivalent RC model
in Fig. 4, the transfer function of the LPF is simplified as:

1+ sC4R 1+sw,

= : (18)

1+5s5(C4+Cp)R 1+ 5w,
Where R=1/gasmp7, Ca=Cyamp7+Coamp7, C=Cysmns+Coamns. C4
and Cp are estimated from the basic MOSFET capacitance
equations. The resistance, R (1/g4smp7), €an be estimated by
differentiating (1) while noting that Vsgpps = 0;

Jasmp7 = 01p/Vps

H(s) =

(19)

_Vbs\ _IVruopl|
= (m — DpuCoxVrSupr (e vr ) e ™M

I11. REsuLTS AND DISCUSSION

The proposed VR is implemented in the IBM 0.18um CMOS
process. Due to process variations and mismatches, a 5-bit
binary weighted current calibration was implemented by
varying the bias current at the output. The VR occupies an area
of 0.018 mm?, and the chip micrograph is shown in Fig. 6.

A. Measurement setup and Trimming

The setup for temperature performance measurement is
shown in Fig. 7b. An ultra-low input bias current (TI1-OPA 129)
amplifier is used as an external buffer to isolate loading of the
DC multi-meter from the VR. As seen in Fig. 7b, to avoid the
temperature performance of TI-OPA 129 from affecting DC
test results, the VR chip is mounted on a separate PCB and
placed in the temperature chamber alone.

The PSR measurement setup is shown in Fig. 7a. The supply
ripple injected is 400 mVp_p across the measured frequency (10
Hz to 80 MHz). A high speed amplifier (TI-OPA 354) is
connected at the output of the VR for the PSR measurement.
The amplifier is design to have a gain of 100 V/V across the
measured frequency to avoid hitting the measurement
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equipment sensitivity limit.

The trimming scheme is based on measurements at two
temperatures. A successive approximation process is used
without exceeding three trimming steps. The 5-bit digital trim
codes are generated externally using Altera Cyclone Il FPGA.
The trim value for each sample is initially set to 16 (code 10000)
and then the Vi is measured at both the minimum (Vrge 1min)
and maximum  (Vggrmayx) temperatures. If Vipgpmim >
Vrer max the threshold voltage is stronger and the bias current
is increased. The bias current is decreased if Vigpmin <
Vrermax- The calibration process ends when Vigemin =

VREF,max-
B. Measurement Results

The TC of the trimmed reference is 19 ppm to 29 ppm for
supplies from 1.1 V to 2.2 V shown in Fig. 8a. Fig. 8b shows a
similar plot in which the performance of five trimmed samples
for temperatures ranging from —30 °C to 80 °C is shown. This
means the VR is suitable for consumer applications since the
typical required operating temperature range for commercial
applications is from 0 °C to 70 °C. From the Monte Carlo (MC)
simulations shown in Fig. 9, the mean (W) and the standard
deviations (o) are 888.39 mV and 30.58 mV, respectively, for
the untrimmed Vrer and 893.15 mV and 1.66 mV, respectively,
for the trimmed Vrer. This corresponds to a \Vger variation (o/p)
of 3.44 % for the untrimmed Vgrer Which is comparable to the
variation reported in most MOSFET VRs such as in [15] and
[18]. The trimmed Vrer variation is 0.185 %.

Fig. 10c illustrates how measured reference voltage varies
with supply voltage. The line regulation (LR) is 0.0938 %/V for
voltages above 1.1 V at room temperature. Fig. 10a shows the
measured output ripple for 100 kHz, and 1 MHz input supply
ripple at 400 mVp_p amplified 100 times.

The PSR performance between 10 Hz and 80 MHz is shown
in Fig. 10b, where the PSR with and without the MOSFET LPF

Voltage
Voo REF
Reference

N -
a . Voo crmme OPA Input Cz )
-~ Agilent 4395A e
Vic=400mVer | Network Analyzer |~ /R cwee

(a) PSR Characterization (AC Measurement)

TestEquity Model 107
Vic from
LDO o Voltage Vrer

* Reference

Vrer Av=1

Agilent 34401A
61 Digit Multimeter

Temperature Chamber

(b) Temperature Characterization (DC Measurement)

Fig. 7: Measurement setup

4

from simulation and experimental testing are compared. For the
experimental testing, the PSR without the compact MOSFET
LPF is more than 28 dB for frequencies up to 30 MHz due to
the feedback path, while the PSR with the compact MOSFET

LPF is more than 50 dB up to 80 MHz.
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Fig. 8: Measured output voltage Vi as a function of temperature
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Fig. 10: (a) Measured power supply ripple response after 100X gain by the
external high bandwidth amplifier for Vpp = 1.1V, Vi = 400mV,
100 kHz and 1 MHz, (b) is simulation and measured PSR from 10 Hz to 80
MHz for proposed VR @ V,, = 1.1V, and (c) measured Vggris a function of
supply voltage showing an LR = 0.0938 %/V
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TABLE 1
PERFORMANCE COMPARISON OF THE PROPOSED VR WITH OTHER CMOS REFERENCES
[71 [9 [15] [16] [17] [18] [19] f
Parameter JSSC’12 JSSC'13  TCAS-IP14 JSSC’11  JSSC’07 VLSP15  TCAs 14 NS Work
Process (CMOS) 0.13um  0.18um 0.11um 0.16um 0.5um 0.065um 0.18u 0.18um
Type BGR BGR MOSFET with R BGR BGR MOSFET with R BGR  MOSFET Only
Temperature (°C) -20-85 -40-120 10-90 -40 - 125 -40 - 125 -40-90 -40 — 120 -30- 80
Supply (V) 075-16 12-18 024-0.4 18 1-5 075-1.2 1.2 11-2
Power (LW) 0.170 0.100 5.350 99 20 0.290 43.200 0.550
Vref (V) 0.256 1.090 0.195 1.087 0.190 0.474 767 0.893
TC (ppm/°C) 40 147 134 12 11 40 45 19
Vref (o/p) % 0.500 0.737 3.380 0.150 0.190 3.375 N/A 0.185 | 3.44
Trimming yes no no yes no yes yes yes no
LR (%/V) N/A N/A 0.8 N/A 0.004 0.242 0.054 0.093
PSR (dB)
@100Hz -70 -62 N/A -74 N/A -40 -84 -75
@100kHz N/A -10.0 N/A N/A N/A -25 -57 -58
@10MHz N/A N/A N/A N/A N/A N/A N/A -60
@80MHz N/A N/A N/A N/A N/A N/A N/A -50
Active Area (mm?) 0.0700 0.0294 0.0130 0.1200 0.4000 0.0198 0.036 0.0180
This shows that the techniques used in the proposed VR [6] K. H. Siew, C. Jun and F. Maloberti, "An improved bandgap
can immensely improve PSR over a wide bandwidth with referencg with hlgh power supply rejection," IEEE International
. Symposium on Circuits and Systems, 2002, vol.5, no., pp.V-833-
minimum area. V-836 vol.5, 2002.
Table 1 summarizes the performance of the proposed VR [71 V. Ivanov, et al.,” An Ultra-Low Power Bandgap Operational
and compares it with previously reported CMOS voltage irgln; 257253?/3 ITEIS(I;Zlé of Solid State Circuits, vol. 47, no. 7, pp.
- , July .
.rEferenceS' AIthoth [7], [9], [16], and [19] have .advantages [8] W. Yutao, et al., "A 0.45-V, 14.6-nW CMOS Subthreshold
in power consumption, they do not achieve a high PSR at Voltage Reference With No Resistors and No BJTs," IEEE Trans.
high frequencies required in modern SoC applications. Also, on Circuits and Sys-I1, vol.62, no.7, pp.621-625, July 2015.
the proposed VR compared with the bandgap references @1 Y. Olsaki,sgtgl-\,/v“l-é\éssh\l}aplsy,blbOO-;W, 1-Fg)9fV Bandggp an_(i O-ZV
supply, 52.5nW, 0.55-V Subbandgap Reference Circuits for
(BGRS) [7]’ [9] ar.]d the MOSFET references [15]’ [18] has a Nannowatt CMOS LSIs,” IEEE J. of Solid State Circuits, vol. 48,
better TC and a higher accuracy (o/p). no. 6, pp. 1530-1538, Jun. 2013.
[10] T. Hirose, K. Ueno, N. Kuroki and M. Numa,"A CMOS bandgap
IV. CONCLUSION and sub-bandgap voltage reference circuits for nanowatt power
LSIs," IEEE Asian Solid State Circuits Conference, vol., no.,
An all-MOSFET-based VR for low power SoC pp.1-4, 8-10 Nov. 2010.
applications fabricated in standard 0.18 um CMOS process [11] E.A. Vittoz and O. Neyroud, "A low-voltage CMOS bandgap
has been presented. The VR which achieves a PSR of —50 reference," IEEE J. of Solid-State Circuits, vol.14, no.3, pp.573-
579, June 1979.
dB at 80 MHz consumes 550 nW at room temperature for 1.1 [12] E. Vittoz and J. Fellrath, "CMOS analog integrated circuits based
V supply. The high PSR over a wide bandwidth is achieved on weak inversion operations,” IEEE J. of Solid-State Circuits,
by using feedback and a compact MOSFET passive LPF. vol.12, no.3, pp.224-231, Jun 1977
The hlgh PSR and deSign fleXIblllty, along with a more [13] A. Anvesha, and M.S. Ba_ghlnl, ASub-1V32nAProgessiVoltage
. . and Temperature Invariant Voltage Reference Circuit," 26th
compact area, make this VR more suitable than other VRs International Conference on VLSI Design and 12th International
for multifunctional SoC applications without any additional Conference on Embedded Systems (VLSID), 2013, pp.136-141,
process requirements. 5-10 Jan. 2013. _ -
[14] L.M.Filanovsky, and A. Allam, "Mutual compensation of mobility
and threshold voltage temperature effects with applications in
REFERENCES CMOS circuits,” IEEE Trans. on Circuits and Sys-I, vol.48, no.7,
[1] K. M. Tham and K. Nagaraj "A low supply voltage high PSRR pp.876-884, Jul 2001.
voltage reference in CMOS process,” IEEE J. Solid-State Circuits, [15] Y. Byung-Do "250-mV Supply Subthreshold CMOS Voltage
vol.30, no.5, pp.586-590, May 1995. Reference Using a Low-Voltage Comparator and a Charge-Pump
[2] G. Giustolisi and G. Palumbo, "A detailed analysis of power- Circuit,” IEEE Trans. on Circuits and Sys-ll, vol.61, no.11,
supply noise attenuation in bandgap voltage references," IEEE Pp-850-854, Nov. 2014.
Trans. Circuits and Sys-1, vol.50, no.2, pp.185-197, Feb 2003. [16] Ge etal, "A Single-Trim CMOS Bandgap Reference With a 3
[38] M. EI-Nozahi, A. Amer, J. Torres, K. Entesari and E. Sanchez- Inaccuracy of +0.15% From 40 °C to 125 °C," IEEE J. of Solid-
Sinencio, "High PSR Low Drop-Out Regulator With Feed- State Circuits, , vol.46, no.11, pp.2693-2701, Nov. 2011.
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