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Abstract— Voltage references in the range of 2.5V are normally generated by scaling a 1.2V reference. This paper 
compares two popular 1.2Vreference architectures, Kuijk and Brokaw architectures in a unified manner. The two 
architectures are designed under common design conditions using AMS 0.35µm technology. The architectures are compared 
in terms of reference voltage temperature drift, variation across process corners. Various sources of error in both the 
architectures are also discussed in this paper. For a 2.5V high precision voltage reference, Brokaw architecture seems to be 
better suited. 
 
Index Terms—Precision, Low Noise, Temperature Drift. 
 
I. INTRODUCTION 
 
Some of the most common building blocks in CMOS 
sensor applications are high performance analog-to-
digital converters (ADC), digital-to-analog converters 
(DAC) and programmable gain amplifier (PGA). 
These circuits require voltage references which are 
independent of supply, temperature and process 
variation. In applications like battery balancing 
systems working on 5V supply,a reference voltage as 
high as 2.5V is required, which can be generated by 
scaling a 1.2V reference.Such systems generally 
employ high linearity amplifiers and sigma-delta 
modulators (SDM) with a resolution as high as 
18bits. Since the common mode reference for the 
amplifier and SDM is mid-supply, we require a 
reference voltage of 2.5V.As proposed in [5], an 
accuracy of 2mV (1mV process variation and 1mV 
temperature drift) over 2.5V is generally desired. For 
the same SDM, the signal to noise ratio (SNR) and 
over sampling ratio (OSR) is calculated to be 110dB 
and 1024 respectively. If we assume the signal power 
to be 0dB, then the maximum noise power will be 
equal to -110dB. Some of the major noise sources in 
a SDM are, input signal noise, reference noise and 
sampling noise. In order to design a low noise SDM, 
the reference voltage should also have very low noise 
power.The total integrated noise up to 100MHz at the 
output of the reference voltage is desired to be around 
40µV. Hence the design of a high precision, low 
noise voltage reference is very critical.This paper 
focuses on selecting a 1.2V voltage reference 
architecture. 
 
Section II briefly describes the voltage reference 
principle and also discusses the basic voltage 
reference architectures. Section III deals with various 
sources of error in a voltage reference and mentions 
the various error reduction techniques. Section IV 
presents the comparison of the architectures and the 
simulation results. 

II. VOLTAGE REFERENCE ARCHITECTURES  
 
The architectures discussed in this section operate 
based on the bandgap principle, wherein two voltages 
having opposite temperature coefficient are added 
with proper scaling. In semiconductor technology, the 
characteristics of bipolar transistors are well defined 
quantities that can provide voltages which have 
positive (PTAT) and negative (CTAT) temperature 
coefficients. Adding these quantities with proper 
scaling generates a voltage independent of 
temperature. 
This section focuses on voltage reference 
architectures based on the above mentioned principle. 
 
A. Kuijk architecture 

Fig.1.Implementation ofKuijk architecture 
 

In Fig.1the amplifiermakes sure that the input 
terminals of the amplifier settles to approximately the 
same voltage. In this architecture p-n-p transistors are 
used for CMOS compatibility. The reference voltage 
is taken at the output of the amplifier and is given by: 

푉 = 	 푉 + 1 + ln(푁)                 (1) 
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Where VBE2a is the base-emitter voltage of Q2 and N 
the ratio of Q2 and Q1emitter area, k is the Boltzmann 
constant, T the temperature measured in kelvin and q 
charge on an electron.  

 
B. Brokaw architecture 
Fig.2 shows the simplified topology for the Brokaw 
architecture. The reference voltage is obtained at the 
output of the amplifier. For the implementation of 
this architecture n-p-n transistors are used, hence the 
need arises for an isolated n-well process. The 
reference voltage generated by the Brokaw topology 
is given by: 

푉 = 	 푉 + 1 + . ln(푁)             (2) 
 

Where VBE2b is the base-emitter voltage of Q2, N the 
ratio Q2b and Q1b emitterarea.  
 

 
Fig.2.Implementation of Brokaw architecture 

 
From equation (1) and (2), to get a Vref approximately 
equal to 1.2V, R2a should be approximately twice R2b, 
when R1a = R2a. In a voltage reference architecture, 
resistors are the most dominant source of thermal 
noise. Hence thermal noise in Brokaw architecture 
will be less than in Kuijk. 
 
III. ERROR SOURCES IN A VOLTAGE 
REFERENCE 
 
The error sources that degrade the accuracy of the 
reference voltage include process variation of VBE, 
non-linear dependence of VBE with temperature, 
current mirror mismatch, amplifier offset, and 
leakage in n-p-n transistors. 

 
A. Process variation of VBE 
The base emitter voltage (VBE) of a bipolar is given 
by, 

푉 = 	 	 . ln                               (3) 

Where IC the collector current and IS the saturation 
current.ISwhich defines the temperature dependence 
of VBE is given by, 

퐼 (푇) = . . . ( )                              (4) 
 
Where A is the emitter area of the bipolar, ni is the 
intrinsic carrier concentration, D (T) is the diffusion 
constant, NBis the total no of impurities per unit area. 
If ΔIS is the process variation in IS from its nominal 
value, then VBEcan be re-written as,  

 
 

Since process variation in IS, is due to the change in 
emitter area, ∆  is temperature independent. Hence 
the error due to variation in IS has a linear 
dependence on temperature. 
The accuracy of reference also depends on the current 
gain βF of the BJT. The bias current (Iptat) is actually 
fed to the BJT through the emitter. Now ICcan be 
written as, 

퐼 = 퐼
	

                             (6) 
 

VBE from expression (3) can be written as, 

 
 
If ΔβF is the variation in βF, expression (7) can be 
written as, 

 
 

From the above expression it can be seen that the 
error due to βF variation is non-linear with 
temperature.  
In Fig.1 and Fig.2, resistances R1a and R1b generate 
the PTAT current which is fed into the emitter of the 
BJT. If ΔIbias is the error in the bias current due to 
variation in the resistance, expression (3) can be 
written as, 

 
 
Since ∆  is temperature independent, the error due 
variations in the resistance R1 are linear with respect 
to temperature. 
It can be noted that in AMS 0.35µm technology, the 
VBE for an n-p-n transistor is greater than that of a p-
n-p transistor. Hence the process spread in VBE is 
greater in the case of Brokaw architecture when 
compared to Kuijk architecture. 
If the VBE in equation (1) and (2) varies, the reference 
voltage is also affected. In order to achieve a high 
precision reference voltage, the linear errors 
mentioned above should be alleviated. This can be 
done by single temperature trim as proposed in [1][5]. 
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In general single temperature trim is performed at 
room temperature in order to reduce the process 
variation in reference voltage.  

 
B. Non-linear temperature dependence of VBE 
Though the bandgap principle states that adding two 
voltage having opposite temperature coefficients, 
generates a voltage which is independent of 
temperature, we see a small temperature drift in the 
voltage due to the non- linearity in VBE. As stated in 
[6] the VBE of a bipolar can be written as, 

 
 
Where VG0 is the bandgap voltage at absolute zero, Tr 
the reference temperature in kelvin and m is equal to 
(4-n), where n is the temperature coefficient of 
mobility of electron. The value of m is approximately 
equal to 2. 
From the above expression it can be noted that, the 
first term is a constant, the second term a linear 
function of temperature, the third term either zero or 
non-linear with temperature and the fourth term 
which is a non-linear function of temperature.  
Since VBE (Tr) is less than VG0, the linear term 
decreases with increasing temperature and the third 
term will be zero if the collector current remains 
constant at IC (Tr). 
In the conventional architectures seen in Fig.1 and 
Fig.2 the collector currents through the bipolars are 
PTAT in nature i.e. ( )

( )
=  . Hence VBE (T) can 

be replaced as, 

 
 
Using expression (11) the reference voltage can be 
expressed as, 

 
 

It can be noted from expression (12) that, the fourth 
and second term are proportional to temperature and 
are having opposite TC, so their sum can be set to 
zero by choosing proper value for a2. The final 
expression for the reference voltage can be written as, 

푉 = 	 푉 (푇) + (푚− 1). ln              (13) 
 
Due to this non-linearity a curvature is seen in the 
reference voltage profile with temperature. In order to 

obtain a temperature drift less than 1mV, the above 
non-linearity in VBE has to be alleviated. In general 
curvature correction techniques as proposed in [1]-[5] 
are used to reduce the temperature drift in reference. 
The main idea behind the various compensation 
techniques, is to reduce or eliminate the second term 
in equation (13). In [1]-[5] the non-linearity in the 
reference voltage can be reduced by adding a voltage, 
which has same absolute value as the second term, 
but has the opposite TC. As proposed in [7], other 
method to totally eliminate the non-linear term in (13) 
is done, by passing a current which is proportional to 
square of temperature. By doing so the coefficient of 
the second term in (13)tends to zero.     
Since the VBE for an n-p-n is greater than p-n-p. The 
effect of non-linearity is greater in the case of Kuijk 
when compared to Brokaw.  

 

C. Current mirror mismatch 
In both the voltage reference architectures the 
positive TC voltage is generated by the difference in 
VBE(ΔVBE) of two transistors having different current 
density. The expression for ΔVBE can be written as, 
 

∆푉 = 	 . ln 푁                              (14) 
 

Ideally we assume the collector current ratio to be 1. 
But due to mismatch in the current mirrors M1a and 
M2a, in Fig.1 and Fig.2, we can assume the current 
mismatch to be ΔI i.e. IC1= IC2±ΔI. Expression (23) 
can thus be written as, 

 
∆푉 = 	 . . ln 푁. ±∆ = . . ln푁 +

		ln ∆   (15) 
 

D. Amplifier offset 
In case of Kuijk architecture, when an offset VOS is 
applied at the input of the amplifier in Fig.1, it causes 
an error in the PTAT current which is equal to . 
This results in an error in reference voltage, which is 
given by, 

 
푉 , = 	푉 . 1 +                        (16) 
 

A typical offset of around 1mV produces an error up 
to a few tens of mV. This error does not have a linear 
dependence on temperature. 
In the case of Brokaw architecture, when an offset 
VOS is applied at the input of the amplifier in Fig.2, it 
causes a mismatch in the current mirrors.A typical 
offset of around 1mV produces an error up to a few 
µV at the reference. In this architecture the effect of 
amplifier offset can be neglected. Hence no additional 
offset cancellation techniques are required in this 
case. 
In Kuijk architecture maximum error in the reference 
voltage is seen due to the amplifier offset, because the 

1st 
 

2nd 
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offset is amplified by the closed loop gain. As 
proposed in [6] chopping technique can be used to 
reduce the offset seen at the input of the amplifier. 

 
E. Reverse junction leakage current 
As seen in Fig.3, due to the presence of a parasitic 
diode from the collector to the substrate of an n-p-n 
transistor a leakage current is seen, which increases 
by almost 104times from 300K to 398K. In the 
Brokaw architecture, a mismatch in the collector 
currents is seen due to the leakage current, thus 
causing an error in ΔVBE. This effects the accuracy of 
the reference voltage. In the case of p-n-p transistors, 
since the substrate, collector and base are all tied to 
ground, there is no effect of leakage on the precision 
of the reference voltage. 
 

 
Fig.3. Shows n-p-n and p-n-p transistor models 

 
As shown in Fig.4, N-1 additional diodes are placed 
between the collector of Q1and the substrate of Q1, to 
reduce the effect of leakage. Due to this the error 
incollector currents of both Q1 and Q2 due to leakage 
are equal and thus eliminating the effect of leakage 
on the voltage reference. 
 

 
Fig.4.Leakage compensation technique 

 
IV. SIMULATION RESULTS 
 
Both the Kuijk and Brokaw architectures (Figure 1 
and Figure 2 respectively) are simulated using AMS 
0.35µm technology. In both the architectures, the bias 
current through BJT Q1 is fixed at 10µA at 25°C. For 
the amplifier in both the architectures a Verilog-A 
model is used,whose gain and bandwidth are set to 
100dB and 150K respectively. A unit resistanceof 

500Ωand having a positive temperature coefficient is 
used to build the required resistance in both the 
architectures. The reference voltage generated using 
Brokaw and Kuijk architectures is 1.234V and 1.215V 
respectively.  
In the case of Brokaw architecture the VBE of the n-p-
n transistor Q2 varies from 857.7mV to 521.3mV in 
the temperature range -40°C to 125°C. For the same 
temperature range in Kuijk architecture, the VBE ofp-
n-p transistor Q2 varies from 720.1mV to 313.5mV. 
Since the VBE for an n-p-n transistor is greater than 
that of a p-n-p transistor the contribution of the non-
linear term as seen in (13) is comparatively less in the 
case of Brokaw architecture. 
From Table I it can be noted that the variation in 
reference voltage across process corners in Kuijk 
architecture is 29mV greater than Brokaw 
architecture. 
When an offset of 1mV is applied at the input of the 
amplifier in both the architectures, the reference 
voltage in Kuijk architecture shifts by 12.25mV, 
where as a shift of 5µV is seen in the case of Brokaw. 
Table I shows the comparison of Brokaw and Kuijk 
architecture in terms of temperature drift, Process 
variation and noise. 
 
CONCLUSION 
 
The comparison of Kuijk and Brokaw architectures is 
presented in this paper.The 79mV process variation 
seen in Brokaw architecture can be reduced by single 
temperature trim at 25°C. The temperature drift of 
1.82mV can be alleviated by performing curvature 
correction. 
 

TABLE I 
Comparison of Brokaw and Kuijk architectures 
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