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Abstract: Digital-to-Analog Converter (DAC) is a device used to convert the input signal that is in digital form into an 
output signal in the analog form (voltage). The resulting DAC output voltage is proportional with the digital value applied to 
the DAC. In this paper, an analysis of 6-bit R-2R DAC is proposed. The DAC is aimed at low power dissipation, using 6-bit 
resolution. The DAC is used for high speed applications. The sampling rate for this DAC is 5GS/s. The key components 
used are Operational amplifier (op-amp), Binary switch and R-2R Ladder. The CMOS schematics are designed and 
simulated using Mentor Graphics Tool with technology TSMC 0.18µm. Measurements of Integral (INL) and Differential 
(DNL) non linearity of the DAC design results are INL=±0.41 LSB and DNL=±0.25 LSB. 
 
Keywords: R-2R ladder, OP-AMP, Switches, INL, DNL, MOSFET 
 
 
I. INTRODUCTION 
 
Wireless communications have been the driving force 
in analog electronics development during the last 
decades.  High resolution digital to analog converters 
(DACs) are highly in demand in today’s wireless 
communications. The signal we perceived and 
retained is in analog form. In order to process the 
signal effectively the signal is converted into digital 
form. Therefore the interface between analog and 
digital signals is known as Data converters. In RF 
systems, the analog-digital interface is pushed 
towards the antenna, as a complex signal processing 
can be handled more efficiently in the digital domain. 
In the mobile communication arena the Direct Digital 
Synthesis (DDS) technique is more popular due to the 
simple control procedure rather than an analog 
domain phase locked loop (PLL) based signal 
synthesis.  
 
The front end D/A converter (DAC) is a critical 
component in those systems. The performance of a 
digital to analog converter depends heavily on the 
circuit architecture. The DAC architectures are 
resistor string, R-2R ladder networks, charge scaling, 
current steering, and segmented current steering. 
Most of them could not    avoid glitches because of 
the change of more than one digital input bit at a 
sampling time or can be suffer from noise problems, 
since resistors are noise sources. Different types of 
DAC architectures are 
 
1.1 Binary weighted network 
Binary weighted DAC is one of the fastest conversion 
methods. It consists of either current sources or 
resistors for each bit. These elements are connected to 
a summing point that provides the output. It suffers 
from poor accuracy because of the high precision 
required for each individual voltage or current. Due 
to such high precision components, it is expensive, so 

this type of converter is usually limited to 8-bit 
resolution or less. The output of the binary weighted 
DAC is represented as eqn1 
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Fig 1.1 Binary Weighted DAC 
 
 From the fig1.1 op-amp is used as a summing 
amplifier, and the weighted resistors are used to 
distinguish each bit from the most significant 
bit(MSB) to the least significant bit(LSB), transistors 
are used to switch between Vref and ground if bit high 
and low respectively. 
 
1.2 R2R ladder network  
This type of DACs consists of a structure of resistor 
values which can be closely matched. The topology is 
binary weighted and provide a higher resolution 
compared to its purely binary weighted counterpart. 
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A very popular architecture for D/A converters uses 
R-2R ladders. The fig 1.2 shows the R2R ladder DAC  

 

 
                               

Fig. 1.2   R-2R Ladder Network 
  
These ladders are useful for realizing binary –
weighted currents with a small number of 
components and with a resistance ratio of only 2, 
independent of the number of bits, N. The output Vout 
of this DAC is given through eqn.2 
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…eqn.2                                       
1.3 Resistor string network 
This type of DACs is relatively new and the switch 
network is connected in a tree like decoder. The 
major limitation of this DAC is delay through the 
switched network. The below figure 1.3 shows the 
Resistor string DAC. 

 

 
 

Fig 1.3 Resistor String Network 
 

The weighting elements are realized through by 
resistors. The reference voltage feeds the resistor 
string and due to voltage division, the maximum 
voltage level Vm is given by eqn. 3 
 

 
 
                                                                    …….eqn.3 

The switches are implemented with NMOS 
transistors or transmission gates. They direct the 
voltage to the buffer, giving the output current. It is 
seen that the number of elements becomes large when 
the number of bits increases. Disadvantage of such 
architecture is the additional delay through the 
increased number of switches and switch layers.   

The design of the DAC in this paper produces speed 
up to 5GS/s using an R-2R ladder network. The 
design meets the speed of high speed DAC categories 
ranging from Msps. 
 
II. RELATED WORK 
 
In this work a 6-bit digital to analog converter is 
designed. The block diagram of 6 bit DAC is shown 
fig 2. The component used to build the circuit 
consists of binary switches, R-2R resistor network, 
and Summing amplifier, Low pass filter. 

 
 

Fig 2.Block diagram of 6-bit DAC 
 
2.1   Counter 
The counter consists of six stages with cascaded D-
flip-flops. Only one flip-flop is connected to clock 
and other is clocked by previous flip flop output. 
Reset is connected to all the flip-flops [8]. When the 
LSB bit undergoes a transition then information is 
rippled through all the flip-flops. The output of first 
flip-flop acts as input to clock for second flip-flop 
and so on up to sixth flip-flop. It generates up to 64 
states due to 6-bit.The output of counter is applied as 
input to the binary switches of R-2R ladder. The 
design of 6-bit asynchronous counter and its timing 
diagram is given as fig 2.1 

 
Fig 2.1    6-bit Counter 

 
Fig 2.1(a) Simulation of 6-Bit Counter 
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2.2 Binary Switches 
The digital inputs control the switches and connect an 
input either to a common voltage V or to a virtual 
ground of an OPAMP. 
 
2.3 R-2R Ladder network 
The ladders are useful for realizing binary weighted 
currents with a small number of components  with a 
resistance ratio of only 2, independent of the number 
of bits, N [7].As a result, the R-2R approach usually 
becomes smaller in size and  offers better accuracy 
compared than other approaches. The R-2R resistor 
ladder arrangement uses resistors of only two 
different values, of ratio 2:1. An N-bit DAC requires 
2N resistors. Two different resistor values are used in 
the configuration. The circuit consists of a network of 
resistors of values of R and 2R. 
 
The designed circuit takes 6 digital inputs to output 
an analog signal between 0V to 1.8V. Depending on 
the digital input code, switches connects the reference 
voltage or the ground level, via the R2R network, to 
the output buffer which transforms the generated 
voltage signal into the output voltage.  Each node 
voltage is related to Vref.  The total current flowing 
from Vref is constant, since the potential at the 
bottom of each switched resistor is always zero volts. 
Therefore, the node voltage remains constant for any 
value of the digital input. The digital inputs are 
named b1-b6, and the output is named Vo. It is 
expected that the step size to be linear. Many 
simulations were conducted with different values R, 
2R, Rf.  The output voltage, Vout is determined by 
the eqn. 4 

 
                                                    
                                                       …….eqn.4 
 

Where Bi indicates the digital input word decimal 
value i.e. bit i, n indicate DAC resolution, and DAC 
reference voltage is Vref. 

 

 
Fig   2.3   Schematic of R-2R Ladder DAC 

 
 

Fig 2.3(a) Simulation of R-2R ladder DAC 
 

2.3.1   Differential Non Linearity 
It is defined as the deviation between two analog 
values corresponding to input digital values. It is an 
important measuring error in DAC. It also determines 
the accuracy of the DAC [5]. Ideally any two adjacent 
digital codes correspond to output analog voltages 
that are LSB apart.DNL is a measure of the worst 
case deviation from the ideal 1LSB step. A missing 
code may occur in the output when the DNL is 
greater than 1 LSB. 

 

 
 
2.3.1   Integral Non Linearity 
It is defined as the maximum deviation between the 
ideal output of a DAC and the actual output level [8]. 
It is also an important measuring error in DAC. 

 

 
 

2.4 Summing Amplifier 
   In this work the OPAMP is used as 
a summing amplifier. The principal application of the 
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summing amplifier is to sum up all the individual 
currents that flow through the resistances or voltages 
at the resistances. The circuit provides a good 
common mode range and good output swing. In fig 
2.4 the input differential amplifier stage is 
implemented by a differential pair of P-MOS 
transistors (M4 & M5)   with their sources tied 
together.  
 
The differential pair is biased by current mirrors, 
which acts as the active load too. Two current mirrors 
a PMOS current mirror(M1 &M2) and an NMOS 
current mirror(M6 &M7) are used instead of just one 
in order to increase the common mode rejection 
ratio(CMMR) of the differential pair. The PMOS 
current mirror serves as a constant current source and 
the NMOS mirror, which sinks current, acts as an 
active load across which the first stage output is 
taken, there by performing a differential to single-
ended conversion in the process.     

 
 

Fig 2.4   Schematic of OP-AMP 
 
2.5   Low-pass Filter 
Low pass filters are used to obtain a smooth curve for 
the step output of the DAC .The main application of 
the low pass filter is to obtain distortion less analog 
wave at the output, i.e. DAC out is in the form of stair 
case and smoothened by through the low pass filter. 

 
 

Fig 2.5 Low-Pass Filter 

 
 

Fig 2.5(a) Simulation of R-2R DAC with LPF 
 
III. TRANSISTOR BASED DAC 
 
The main element of R-2R Ladder circuit is resistor. 
The layout of the resistor is very large and complex in 
fabric. So the DAC is implemented through MOS 
transistors. In this work, a resistor circuit at the DAC 
so, is replaced with NMOS transistors. The 
simulation results of NMOS design DAC matched 
with that of resistive network. It is advantageous as it 
reduces fabrication. 

 
 

Fig 2.6   Schematic of Transistor based DAC 
 
RESULTS & DISCUSSION 
 
The circuit simulated consists of counter, MOS 
switches in ladder circuit and opamp.0 and 1 value 
are given as input to counter and outputs is given to 
switches. The reference voltage is (VREF = 1.8 Volt). 
The R-2R ladder approach is same as in the binary 
weighted approach. The design requires large range 
of resistors (2000:1 for 12-bit DAC) with necessary 
high precision for low resistors and which is 
expensive. Whereas R-2R ladder design uses only 
two resistors values(R and 2R) and does not require 
high precision resistors and low cost effective. 
Therefore the design of 6-bit DAC in this works 
delivers speed up to 5GS/s. The parameters are given 
in table 1. 
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Table 1. Parameters of DAC 

 
 
CONCLUSIONS 
 
The present work discusses the design of Digital to 
Analog Converter (DAC) which is used for high 
speed communication systems. The design is 
simulated through Mentor Graphics software 
technology 0.18um CMOS Process. The design of 
DAC works with 1.8 v power supply. Using transistor 
based DAC approach the power dissipation is 
decreased by 68.8% compared to resistor based 
approach and area is decreased by 39.8%. 
 

Table 2.Comparison of Power Dissipation and 
Area  
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