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Abstract - Wireless Sensor Networks (WSNs) with low power consumption are getting more and more important. This work 

introduces an innovative low-power Digital-to-Analog Converters (DACs) architecture designed specifically for operating low-

power WSNs. The emphasis is placed on the essential role of DACs within WSNs, acknowledging their significant power 

consumption. This study presents a Compact Dynamic Element Matching (C-DEM) method, aiming to mitigate the power and 

area redundancies associated with conventional DEM techniques and to achieve power and area efficiency through the 

implementation of C-DEM. Dynamic element matching stands out as a widely recognized technique employed in the design of 

high-performance DACs. The present research was motivated by the noteworthy finding that DAC input data typically displays 

appropriate randomness. As an alternative to the traditional reliance on a Pseudo Random Number Generator (PRNG) in usual 

DEM approaches, this feature allows using the input data itself for random selection of current sources. When the PRNG is 

removed from a DAC and input data is used instead, the DAC's space and power consumption are significantly reduced while 

still providing the performance requirements of low-power WSNs. This is brought on by the PRNG's high power requirements 

and substantial DAC footprint. In comparison to a DAC employing the traditional DEM, the C-DEM-based DAC consumes less 

power and area reduction. In the proposed C-DEM, when DAC uses a traditional DEM, the Spurious-Free Dynamic Range 

(SFDR) is not as good.  

Keywords - Cascode current source, Differential Non-Linearity (DNL), Integral Non-Linearity (INL), Barrel shifter, SFDR, C-

DEM.  

1. Introduction  
Wireless Sensor Nodes (WSN) have come a long way, but 

they still have one major drawback: power consumption. Due 

to power consumption, the service life of the majority of 

wireless sensor nodes is severely constrained [1]. As a result, 

extensive research has been done to reduce WSN nodes' 

energy usage. For instance, research and development are 

being done on low-power processors for wireless sensor 

nodes. Adopting low-power network protocols is another 

strategy for low-power sensor nodes [2]. Digital-to-Analog 

Converters (DAC) which is usually power-hungry elements in 

a wireless sensor node. So, for the last two decades, 

researchers have been trying to design low-power and high-

performance (particularly when Spurious Free Dynamic 

Range (SFDR) is high) DACs [3-5]. However, these DACs 

require significant effort to minimize mismatched induced 

nonlinearities. However, this approach faces challenges in 

terms of compromised dynamic performance at elevated 

frequencies and sustains a substantial area penalty. On the 

other hand, the background calibration technique, particularly 

the Dynamic-Element-Matching (DEM) method, efficiently 

mitigates the adverse impacts of mismatch-induced 

nonlinearities on the dynamic performance of the DAC, 

successfully avoiding the previously mentioned drawbacks [6, 

7]. The array of unary current sources is randomly selected in 

DEM. Unsigned current cells are used in the construction of 

the strongly weighted segments, including the MSB segments, 

and DEM blocks independently control each segment. On the 

other hand, the digital input directly controls the binary current 

cells that make up the LSB segments. SFDR performance is 

enhanced by increasing the bit width, particularly for the 

MSB; the DEM block's circuit complexity grows instantly as 

the bit width increases. Additionally, digital blocks with 

higher stage numbers introduce a time skew issue. 

Consequently, state-of-the-art designs usually limit the width 

of the MSB bit to fewer than five bits [8-14]. This restriction 

frequently limits the attainable SFDR performance. To 

eliminate the limitation mentioned above, nested segmented 
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DEM DACs have been implemented [15]. Although high 

SFDR has been achieved in nested segmented DEM DACs, 

they require high operating power and footprint area. Hence, 

this research focuses on the DAC and introduces a novel 

design technique that significantly lowers the power 

consumption of the DAC, a crucial component of the wireless 

sensor node's transmitter. To achieve this, first analyse the 

power requirements of traditional current-steering DAC 

architectures commonly found in transmitters [16]. They 

focus on the shortcomings of traditional methods and 

techniques for DAC designs that place a higher priority on 

high efficiency, as shown by sampling frequency and S FDR. 

The related energy and area overhead have increased, even if 

the prior approaches for the high SFDR DAC were successful 

in producing the intended outcome [17]. 

This is because the earlier solutions call for additional, 

heavily power-intensive circuitries with a big footprint. 

However, the creation of a compact, low-power DAC is the 

main objective of this work. Introduce an innovative design 

technique that, following a thorough analysis of the power and 

space overhead associated with existing technologies [8–12], 

has the potential to deliver comparable performance while 

significantly reducing power consumption and spatial 

requirements. The DEM method serves as the foundation for 

the suggested method, which is among the earlier methods 

most reliable for high SFDR. In current steering Digital-to-

Analog Converters (DACs), there are several research gaps 

and challenges that need to be addressed to improve 

performance and adaptability in various applications. Here are 

some of the primary research gaps and issues. 

1.1. Linearity and Distortion 

Problem: Achieving high linearity in current steering 

DACs is challenging due to mismatches and non-idealities in 

the current sources. Research Gap: Developing techniques to 

improve matching accuracy and reduce distortion is crucial. 

This involves both design-level innovations and 

advancements in fabrication processes. 

1.2. Dynamic Performance 

Problem: Maintaining high-speed performance without 

compromising accuracy is difficult. Research Gap: To 

enhance the dynamic performance of current steering DACs, 

specifically in minimizing glitches and enhancing settling 

time, further research is necessary. Investigating novel circuit 

topologies and layout techniques could be beneficial. 

1.3. Power Efficiency 

Problem: Balancing power consumption with 

performance requirements is a key challenge. Research Gap: 

Innovative power-saving techniques, such as dynamic power 

management and efficient biassing schemes, need further 

exploration. The aim is to enhance power efficiency without 

sacrificing speed or accuracy. For more details, the main 

stages of the proposed approach are as follows: The 

substantial power consumption of Digital-to-Analog 

Converters (DACs) is acknowledged, and their crucial 

significance in WSNs is emphasized. A Compact Dynamic 

Element Matching (C-DEM) method aims to mitigate the 

power and area redundancies associated with conventional 

DEM techniques and to achieve power and area efficiency 

through the implementation of C-DEM. C-DEM also 

simplifies the design by eliminating PRNG and reducing the 

active area of the DAC. When input data is utilized in place of 

the PRNG in a DAC, the DAC's area and power consumption 

are drastically decreased while still meeting low-power WSN 

performance requirements. The following describes the way 

the paper is established: Section I illustrates the introduction. 

Section II provides a description of the relevant works. Section 

III describes the proposed techniques, Section IV displays the 

simulation results, and Section V provides a summary. 

2. Related Work 
In a current-steering DAC, this brief suggests a method 

for glitch minimization via Compensating for dynamic 

capacitance in binary-weighted current switches (DAC) [18]. 

This study proposes a novel type of current-steering Digital-

to-Analog Converter (DAC) based on Differential-Quad 

Switching (DQS) with excellent efficiency and no tuning 

required. It operates at 500 MS/s and has a 14-bit resolution. 

Enhancing the spurious-free dynamic range involves 

minimizing input-code transition-dependent distortion 

through DQS and suppressing element mismatch-related 

harmonics using GRTC. The current cell design method is 

provided in this paper to reduce random mismatches [19].  

The gradient mismatch is subsequently fixed with a novel 

Data-Weighted Averaging (DWA) method, which is less 

buggy and needs less expensive hardware. The proposed DAC 

successfully achieves SFDR augmentation, and complexity is 

also low by adopting both the row-column structure and the 

(CSA) structure as its ground plan. Using the Dynamic 

Element Matching (DEM) method, a two-dimensional DAC 

structure is compressed. In contrast to the DAC's utilization of 

a segmented structure for implementing DEM [18], the novel 

structure introduces randomization to inter-segmentation 

errors. High precision and performance levels are available 

with this structure. In this study, a non-uniform sine-weighted 

DAC was employed to construct the Direct Digital Frequency 

Synthesizer (DDFS) DAC. Parallel DACs, employed to speed 

up relaxation within a single DAC, along with the utilization 

of the Return-to-Zero (RZ) technique, were implemented to 

generate signals approaching and surpassing the Nyquist rate 

without the need for a tough filter. To minimize space and 

power requirements in parallel DACs, a design strategy 

featuring a non-uniform sine-weighted DAC was introduced 

[13]. To address the mismatch issue that results in SFDR 

degradation, the DEM approach has been recommended [18, 

19]. It also requires a randomizer, which is commonly made 

with the barrel shifter, to choose the current sources at random 

(PRNG). The low-power barrel shifter was introduced [23-
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25]. In this paper [24], the barrel shifter was designed using 

different techniques, such as mux and conventional CMOS 

logic. In terms of power consumption, barrel shifters with mux 

are more efficient than those with traditional CMOS circuitry, 

delay and transistor count because it shows 76.37% less power 

consumption and 57.14% less number of transistors than 

conventional CMOS logic. A low-power dynamic barrel 

shifter based on mux was designed using footed diode domino 

logic [25]. This paper compares and analyses barrel shifters 

using footed diode domino multiplexer and pseudo-NMOS 

multiplexer architectures. Power is reduced by 99.97% for 

footed diode domino-based multiplexer. The barrel shifter 

implemented using a footed diode domino multiplexer 

consumes 92.02% less power than a pseudo-NMOS-based 

multiplexer. 

The literature on low-power and high-SFDR current 

steering DACs reveals a variety of techniques aimed at 

optimizing low-power and high-SFDR design techniques. 

Low-power design approaches are primarily focused on 

efficient biasing and switching techniques. For high SFDR, 

strategies revolve around improving matching and calibration, 

minimizing glitches, and reducing noise. Future research is 

likely to continue exploring these areas, with an increasing 

emphasis on integrating digital calibration and leveraging new 

materials and processes. 

3. Proposed Method 
The proposed technique in this paper, which targets low-

power and high SFDR DACs, is called a compact DEM (C-

DEM). This work is unique in that it involves designing a 12-

bit DAC using a nested segment structure method with 3-level 

segmentation [3U+3U+3U+3B]. The entire architecture of the 

proposed DAC design is displayed in Figure 1. 

 

The study that shows the PRNG in the randomizer adds a 

lot of extra power and space to a DAC using the RRBS DEM 

is what led to the idea of getting rid of the PRNG in the DAC 

while still using enough random input data. The PRNG should 

be removed, eliminating the power and space overhead it 

causes. The rotation number is then set by the input data's 

unpredictability, preserving the DAC's SFDR performance.

 

 

 

 

 

 

 

 

 

 

Fig. 1 Proposed C-DEM architecture for the 12-bit DAC without PRNG 
 

 

 

 

 

 

 

 

The proposed method uses a single input code for a 

sample period, while the PRNG used in the conventional DEM 

method generates a random bit once each sample period, 

therefore, there is no additional overhead based on sample 

rate. The logarithmic barrel shifter, as seen in Figure 2, is an 

additional design option for multiple data shifting; an 

integrated circuit with n inputs, n outputs, and m select lines 

that are intended to manage bit shift operations is called a 

barrel shifter.  

Numerous irreversible barrel shifters have been 

developed as a result of the fact that multiple and variable bit 

shifting is preferable to single-bit operations.  

 

Barrel shifters come in two varieties: unidirectional, 

which can only rotate or shift in one direction (to the left or 

right), and bidirectional, which can do both.
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Barrel Shifter 

 

 

 

 

 

 

 

 

 

 

Fig. 2 3-bit barrel shifter with 1-step, 2-step and 3-step rotations 

 

Modified Gate Diffusion Input (MGDI) based 2:1 Multiplexer 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 3-bit barrel shifter with 1-step, 2-step and 3-step rotations 

As shown in Figure 3, the Modified GDI logic circuit. The 

modified GDI-based multiplexer functions similarly to the 

PMOS and NMOS transistors used in the GDI technique. The 

substrate terminal of an NMOS transistor is connected to the 

ground, and the substrate terminal of a PMOS transistor is 

connected to VDD. Thus, the circuit differs from the GDI 

technique-based multiplexer circuit, which is made to improve 

logic level swings. Signal A is applied to the source terminal 

of the PMOS transistor, and Signal B is applied to the source 

terminal of the NMOS transistor. 

Both of the transistors' gate terminals receive signal S as 

an input. With the exception of the deviation, which can be 

either from the ground if the output is low or from VDD if the 

output is high, the output has improved when compared to the 

GDI technique in terms of delay, power, and power delay 

product. 

4. Simulation Results 
The 2:1 multiplexer's schematic diagram is shown in 

Figure 4. 

 

 
Fig. 4 Diagram for the 2:1 multiplexer 

The simulation result of the 2:1 multiplexer is shown in 

Figure 5. 
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Fig. 5 Multiplexer simulation result of 2:1 multiplexer 

Figure 6 displays the power waveform of an MGDI-based 

multiplexer. 

 
Fig. 6 Power waveform of MGDI based multiplexer 

 
Fig. 7 Static power analysis of MGDI based multiplexer 

The MGDI technique is implemented to overcome the 

drawback of the GDI technique, that is, to obtain a better 

output voltage swing. The design is similar to that of the GDI 

technique but differs in the connection of bulk terminals of the 

transistors. Even the power dissipations are reduced. The 

minimum power dissipated is 138.478fWatts, and the 

maximum power dissipated is 16.5378uWatts. Figure 7 shows 

the static power analysis of the MGDI-based multiplexer. If 

the selection signal (S) is set to 1.2V, SBAR, which is 

considered as 0V, and the input signals applied as A with 0V 

and B with 1.2V, the output voltage obtained is 

1.00432349858V and the power consumption is 

4.5354088356pWatts. When compared to other multiplexers 

modified GDI-based multiplexers consumed less power. The 

average power dissipation for a modified GDI-based 

multiplexer is 16.67 n watts, with maximum and minimum 

power dissipation of 16.54uwatts and 138.5 f watts. The 

Modified GDI-based multiplexer exhibits a static power 

dissipation of 4.535 p watts. This MGDI-based multiplexer is 

used in the design of a 3-bit barrel shifter using a 2x1 

configuration.  

The required area is reduced in GDI and MGDI 

techniques compared to the remaining techniques shown in 

Table 1. On comparing the average power of all the different 

techniques, the least is for the MGDI technique, which is 

16.67nwatts. Coming to the delay, it should be less indicating 

the device speed is high. Delay values of all the techniques are 

almost similar to each other.  

However, the least delay is observed for the transmission 

gate technique, which is 5.013 seconds. Multiplying the 

average power with the delay related to the respective 

multiplexers yields the Power Delay Product (PDP). So, it is 

desired to be low. Moreover, it is less for the MGDI technique, 

which is 84.85×10^-18. So, out of all the techniques, GDI and 

MGDI techniques have reasonable powers and delay; thus, 

these techniques are considered for further analysis. 
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4.1. Static Power Dissipation 

In the static power dissipation analysis, the output power 

is calculated by setting all the signals at constant input. There 

are state transitions in the dynamic power dissipation from 

high to low or from low to high. For designing a 3-bit barrel 

shifter, 21 2:1 Multiplexers are required. The 3-bit barrel 

shifter-right rotator is shown in Figure 8. 

Table 1. Comparison of various 2:1 multiplexer design techniques 

 
Fig. 8 3-bit barrel shifter-right rotator 

The output waveforms of the MGDI-based barrel shifter 

are displayed in Figure 9. 

 
Fig. 9 Output waveforms of MGDI-based barrel shifter 

It consists of three stages where each stage output is 

connected to the next stage inputs. The first stage of 

multiplexers is capable of performing 4-bit right rotation, the 

second stage of multiplexers is capable of performing 2-bit 

right rotation, and the third stage of multiplexers is capable of 

performing 1-bit right rotation. B2 B1 B0 are the input signals, 

S2 S1 S0 are the control signals and W7 W6 W5 W4 W3 W2 

W1 are the output signals.  

Various MGDI comparison time periods are shown in 

Table 2. When input signal B2B1 B0=101, Table 3 displays 

combinations of selection signals along with their matching 

outputs. A 3-bit barrel shifter with right rotation is 

implemented in Cadence virtuoso tool at 65nm technology 

and verified the outputs with combinations of selection 

signals. 

4.2. Proposed C-DEM Architecture 

Figure 10 illustrates the proposed C-DEM design 

(3U+3U+3U+3B) for the 12-bit DAC. 

Table 2. Timing values 

Selection 

signals 

Time period 

(nsec) 

Pulse width 

(nsec) 

Delay 

(nsec) 

S2 40 20 20 

S1 20 10 10 

S0 10 5 5 

2:1 

Multiplexer 

design based 

on 

Total 

number of 

Transistors 

required 

Static power 

dissipation 

Average 

power 

Pass Transistor 4 9.956pw 42.46nw 

Static CMOS 12 25.43pw 256.1nw 

Domino Logic 10 17.75pw 232.1nw 

GDI 2 11.18pw 59.92nw 

MGDI 2 4.535pw 16.67nw 



Ashok Kumar Adepu & Balaji Narayanam / IJECE, 11(6), 63-73, 2024 

 

69 

Table 3. Combinations of selection signals stand their corresponding outputs 

Selection signals Output signals 

S2 S1 S0 W7 W6 W5 W4 W3 W2 W1 

0 0 0 1 1 1 1 0 0 1 

0 0 1 1 1 1 1 1 0 0 

0 1 0 0 1 1 1 1 1 0 

0 1 1 0 0 1 1 1 1 1 

1 0 0 1 0 0 1 1 1 1 

1 0 1 1 1 0 0 1 1 1 

1 1 0 1 1 1 0 0 1 1 

1 1 1 1 1 1 1 0 0 1 

 

 
Fig. 10 Proposed C-DEM architecture (3U+3U+3U+3B) for the 12-bit DAC 

The proposed C-DEM DAC core's layout is shown in Figure 11. 

 
Fig. 11 Layout of proposed C-DEM DAC core 
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4.3. INL & DNL of C-DEM DAC Core 

Table 4. Simulation result of proposed 12-bit C-DEM architecture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12 DACs' measured static performance (INL & DNL) 

Table 4 presents the results of the simulation for the 

proposed 12-bit C-DEM architecture. The performance of 

static linearity is tested both with and without the DEM block 

enabled. The related measured Integral Nonlinearity (INL) 

values are shown in Figure 12. The intersegment mismatches 

have the greatest impact on the INL error for segmented DACs 

with thermometer-coded units. The dynamic performance of 

the DAC is shown in Figure 13.  

A comparison of various DAC metrics, such as power 

consumption and SFDR, between the proposed current 

steering DAC and the present DACs is carried out in Table 5. 

Parameters Proposed Compact DEM 

Resolution 12 Bit 

Technology (nm) 65 

Supply Voltage (V) 1.2 

Sample rate (MS/s) 100 

ENOB (bits) 11.805 

SNR (dB) 72.834 

SFDR (dB) 79.14 

DNL(LSB) 0.04 

INL(LSB) 0.26 

Ptotal (mW)  6.996 

 I load (mA) 5.83 
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Fig. 13 DAC dynamic performance 

Table 5. Comparison of the state-of-the-art of the current steering DAC 

 

5. Conclusion 
This summary outlines the introduction of a 12-bit, 100 

MS/s current-steering DAC that incorporates a novel compact 

DEM method. The demonstrated C-DEM method has been 

proven to deliver superior static and dynamic performance 

compared to traditional segmented structures. As stated at the 

beginning of this paper, the conventional DEM technique is 

employed to improve the SFDR performance of DACs. The 

randomizer for the DEM approach can eliminate the 

randomizer's PRNG, saving a significant amount of power and 

space by selecting the constant current at random using the 

input data rather than the PRNG. This is because the Pseudo-

Random Generator (PRNG) in a DAC has unavoidably high 

power and space requirements. In this work, a low-power 3-

bit barrel shifter has been designed using less number of 

transistors. The proposed DAC uses two fewer MSBs for 

DEM and performs similarly to traditional ones. Lowering the 

MUX count considerably simplifies the DEM block in 

comparison to nested segment structures, RRBS, and GRTC 

approaches.  

According to the simulation results, the introduced 

architecture exhibits low power consumption at 6.99 mW and 

achieves a high SFDR of 79.14 dB. Linearity is also improved 

by achieving INL and DNL values of 0.26 and 0.04. In 

addition, the C-DEM also simplifies the design by eliminating 

PRNG and reducing the active area of the DAC. 
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