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Abstract:



With the fast progress in miniaturization of sensors and advances in micromachinery systems, a gate has been opened to the researchers to develop extremely small wearable/implantable microsystems for different applications. However, these devices are reaching not to a physical limit but a power limit, which is a critical limit for further miniaturization to develop smaller and smarter wearable/implantable devices (WIDs), especially for multi-task continuous computing purposes. Developing smaller and smarter devices with more functionality requires larger batteries, which are currently the main power provider for such devices. However, batteries have a fixed energy density, limited lifetime and chemical side effect plus the fact that the total size of the WID is dominated by the battery size. These issues make the design very challenging or even impossible. A promising solution is to design batteryless WIDs scavenging energy from human or environment including but not limited to temperature variations through thermoelectric generator (TEG) devices, body movement through Piezoelectric devices, solar energy through miniature solar cells, radio-frequency (RF) harvesting through antenna etc. However, the energy provided by each of these harvesting mechanisms is very limited and thus cannot be used for complex tasks. Therefore, a more comprehensive solution is the use of different harvesting mechanisms on a single platform providing enough energy for more complex tasks without the need of batteries. In addition to this, complex tasks can be done by designing Integrated Circuits (ICs), as the main core and the most power consuming component of any WID, in an extremely low power mode by lowering the supply voltage utilizing low-voltage design techniques. Having the ICs operational at very low voltages, will enable designing battery-less WIDs for complex tasks, which will be discussed in details throughout this paper. In this paper, a path towards battery-less computing is drawn by looking at device circuit co-design for future system-on-chips (SoCs).
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1. Introduction


One of today’s major challenges in circuit design is lowering the power consumption of electronic circuits. The increasing demand for higher computation power has led to the development of sub-micron and nano scale transistors in order to enable a higher density of components in a chip. However, because of the decreasing size, problems such as Short Channel Effects (SCE) and process variations are limiting the reliability of the circuits. In addition, the rising current density in the silicon challenges manufacturers because of the excess heat generated by the power dissipation, which will decrease the reliability and life span of the circuits. This problem is becoming increasingly severe in the nano-range transistors because, not only does the power density increase when more transistors are fit into smaller regions, but the leakage power of the transistors is also becoming comparable to the dynamic power consumption, which means that a great deal of the power spent, is wasted solely on heat generation [1]. This can be dealt with by further researching cooling and packaging in order to avoid overheating the circuits; however, this is an expensive and time limited solution, so this paper addresses methods to generally reduce the overall power consumption of the systems.



Since the Internet of Things (IoT) revolution, a new focus has been made on making smart phones, smart watches, tablets etc. even smaller whilst increasing the computation power. And with the recent interest in the Internet of Bio-Nano Things (IoBNT) [2], the focus has moved from just increasing the computation power to also creating extremely compact, ultra low power designs that enable small sensors and actuators to operate independently of wired data connections and external power sources. Especially for implanted sensors, the size restriction is crucial for the bio-compatibility and therefore, it is rarely an option to attach bulk batteries to the implant. Instead they will be powered by scavenging the surroundings for ambient energy. This focus is particularly interesting in the medical field, where a lot of research is dealing with implants and other wearable devices that monitors physical responses from the body. Also sporting equipment has a huge market already, in producing different bio sensors that monitors the physical state of athletes.



This development calls for new technologies on several fronts, both on device level and circuitry, systems and applications. To continue and develop more energy efficient systems, device circuit co-design techniques are necessary. As mentioned before, downscaling of component footprint can bring about more compact designs, however to address the rising challenges, new devices such as Multi-Gate Field-Effect Transistors (MuGFETs), Carbon Nanotube FET (CNT-FET), Spin-based FET (Spin-FET) etc. have been proposed.



In this article, we will highlight the FinFET device as the most promising alternative and explain the recent strategies to obtain more efficient circuitry in the low power regime, both in digital and analog domain. Furthermore, we will describe techniques to lower the power consumption of a design including digital, analog and memory blocks. In the end, popular energy harvesting methods will be introduced and the possibilities for powering entire low power systems using energy harvesting, will be discussed. The remainder of the paper is organized as follows. Section 2 and Section 3 describes the design techniques and challenges in digital and analog domain including a discussion on CMOS and FinFET device characteristics and some basic blocks including memory and amplifiers. In Section 4, the existing energy harvesting techniques for a self-powered battery-less WID is explained in details. In Section 5, the conclusion is drawn.




2. Low Power Digital Circuit Design


In order to minimize the power consumption of digital circuits, we will first consider the three different sources of power dissipation: stand-by current, short-circuit current and dynamic current. Stand-by current is the DC current flowing continuously between the supply rails and is mainly attributed to the leakage current of the transistors. The short-circuit current is the DC current between the supply rails when pairs of pull-up and pull-down transistors are conducting simultaneously and dynamic current is the charge or discharge current of capacitive loads during logic changes. The digital power dissipation can be expressed as follows.


PDigital=VDDILeak︸Stand−bypower+CscVDD2fclk︸Short−circuitpower+12CLVDD2fclkESW,︸Dynamicpower



(1)




where the supply voltage, capacitive load and clock frequency are represented by [image: there is no content], [image: there is no content] and [image: there is no content], respectively. Furthermore, [image: there is no content], [image: there is no content] and [image: there is no content] are the leakage current, equivalent short-circuit capacitance and switching activity, respectively [3].



According to Equation (1), the power dissipation reduction can be achieved by downscaling the supply voltage, frequency and capacitive load. The capacitive load can be reduced by using less fan-out gates, smaller transistors, and fewer and shorter wires. However, using smaller transistors reduces the drivability of the gate, leading to performance degradation. As with downscaling the capacitance, the frequency scaling provides lower power consumption at the expense of lower speed.



Reducing the capacitance and frequency linearly reduces the short-circuit and dynamic power, but has no effect on the stand-by power. Downscaling the supply voltage, on the other hand, offers the most effective power reduction, mainly due to the quadratic relationship to dynamic and short-circuit powers. However, as with capacitance and frequency, the supply voltage scaling degrades circuit performance, particularly due to speed reduction. To deal with this challenge, the threshold voltage of the transistors ([image: there is no content]) can be modified to improve the drivability of the devices. Therefore, [image: there is no content] reduction enables us to reduce the supply voltage without compromising with the speed. However, this approach leads to higher sub-threshold leakage current and a greater sensitivity to process variations. In scaled technology nodes where the process variations are aggravated, the threshold voltage reduction is not considered as an effective way to lower the power dissipation.



2.1. Circuit Techniques


Beyond the mentioned techniques, there are other design strategies to reduce the power consumption in digital ICs. Dynamic and pass-transistor logics are proposed to replace the conventional static digital circuit. The dynamic logics rely on the temporary storage of signal values on the capacitance of high-impedance circuit nodes, as opposed to the static logics, where the output is connected to one of the supply rails through either the pull-up or pull-down network. The main advantages of the dynamic logics are higher speed, lower area because of lower transistor count and very low short-circuit power dissipation. However, each of the precharge transistors in the chip must be driven by a clock signal, leading to a big overhead of clock distribution networks and driving circuitry. As with dynamic logics, pass-transistor logics reduce the number of transistors which results in lower capacitive loading from devices. However, in this circuit, the NMOS and PMOS transistors cannot efficiently pass the high and low input signals, respectively. This imperfection can increase the standby power dissipation in the next stage.



In addition to circuit-level power saving techniques, numerous power minimization techniques have been proposed at architecture and system level [4,5,6,7]. Inactive circuits may, for instance, be automatically turned off to save power, or a part of the energy delivered from the power supply may be cycled back to the power supply, or the clock feed into idle modules is cut off due to high power dissipated by the clock network, etc.




2.2. Device Scaling


The other approach to reduce the overall power dissipation in digital circuits is CMOS scaling to nanometer device sizes, where the capacitance and supply voltage are reduced. Although the miniaturization of the CMOS technology has improved the performance features of digital circuits such as speed, power consumption and area, further scaling to sub-22 nm is challenging due to the increasing process variations, SCEs and leakage currents (e.g., sub-threshold and gate leakage). The SCEs are attributed to the limitation imposed on electron drift characteristics in the channel, the threshold voltage variation, leading to [image: there is no content] reduction and an increase of leakage currents, which leads to higher static power consumption. The straightforward solution to alleviate the SCEs is gate oxide reduction, however, decreasing the oxide thickness increases the gate leakage current due to tunneling through the oxide layer, which leads to a higher power consumption and device unreliability. Therefore, new materials have been incorporated into the bulk CMOS structure, including high-K gate dielectrics, metal gate electrodes, low-resistance source/drain, and strained channel to improve the performance of the device in scaled technology nodes. However, the improvements come at the cost of transistor reliability and complex process steps. To deal with these obstacles, several candidates have been introduced to replace the CMOS technology [8,9,10,11,12,13]. One of the most promising devices is FinFET technology that has enabled a significant improvement in performance compared to other counterparts, especially in sub-22 nm scales. Due to the key features, such as suppressed sub-threshold leakage, improved controllability of the channel due to the 3D gate structure and better scalability, FinFET has emerged as one of the leading candidates for ultra-low power electronic devices.



Performance of Bulk CMOS versus FinFET


In order to understand the benefits of the FinFET technology, a 14 nm FinFET transistor is compared with a 16 nm bulk CMOS transistor in this section. In Figure 1a, you see the schematic of the FinFET transistor with the channel surrounded from three sides by the gate. This increases the control of the channel, decreases the SCEs and eliminates random dopant fluctuation (RDF) effect due to fully depleted channel that reduces the sensitivity to process variations [8]. The transistor model has the fixed dimensions; fin width ([image: there is no content]), fin height ([image: there is no content]) and equivalent gate dielectric thickness (EOT), but the gate length ([image: there is no content]) can be changed from [image: there is no content] up to [image: there is no content].


Figure 1. (a) FinFET structure. [image: there is no content]-[image: there is no content] characteristic of (b) 14 nm FinFET technology; and (c) 16 nm bulk CMOS technology.



[image: Jlpea 06 00020 g001]






To simulate the bulk CMOS, predictive technology model (PTM) is utilized [14] and the transistors are realized in [image: there is no content] channel length. The width of bulk CMOS transistor is [image: there is no content], which is almost equal to the effective width of the FinFET ([image: there is no content]) (see Table 1). The supply voltages of the FinFET and bulk CMOS devices are [image: there is no content] and [image: there is no content], respectively.



Table 1. [image: there is no content] FinFET device specifications: 1-fin FinFET at [image: there is no content] ([image: there is no content], [image: there is no content], [image: there is no content], [image: there is no content]).







	

	
[image: there is no content] (mV)

	
[image: there is no content] (μA/μm)

	
[image: there is no content] (pA/μm)

	
SS (mV/decade)

	
DIBL (mV/V)






	
n-FinFET

	
471.3

	
415.57

	
43.34

	
72.57

	
27.04




	
p-FinFET

	
460.6

	
458.83

	
43.91

	
71.00

	
18.74










From a voltage sweep, shown in Figure 1b,c, the input characteristics of the FinFET and bulk CMOS devices are extracted and tabulated in Table 1 and Table 2. The results show that the drain induced barrier lowering (DIBL) has improved by a factor of 1.9 in the FinFET, leading to lower threshold voltage variation due to short channel effects. Because of the larger dependency of the drain current to [image: there is no content] in FinFET devices, the sub-threshold swing (SS) is 28% lower than the bulk CMOS transistor. Furthermore, the drivability and [image: there is no content] of the FinFET is significantly improved in comparison to the bulk CMOS.



Table 2. [image: there is no content] bulk CMOS device specifications: Bulk CMOS at [image: there is no content] ([image: there is no content], Metal gate, High-K and strained-Si).







	

	
[image: there is no content] (mV)

	
[image: there is no content] (μA/μm)

	
[image: there is no content] (pA/μm)

	
SS (mV/decade)

	
DIBL (mV/V)






	
NMOS

	
411

	
354

	
1180

	
92.9

	
51.85




	
PMOS

	
390

	
122

	
163

	
89.9

	
57.23












2.3. Device Circuit Co-Design


The main advantages of the FinFET technology compared to the CMOS technology, as explained in details in this paper and in literature, includes better controllability of the channel due to the use of a 3D gate structure surrounding the channel, which leads to reduced SCEs. However, the main barrier of circuit design using FinFET technology is its reduced flexibility in design due to width quantization [15]. To counter this adverse effect, device circuit co-design techniques are required [16]. One such device is the asymmetrically doped (AD) FinFET where source and drain are doped differently [13]. The asymmetry in doping at drain and source terminals results in asymmetry in drivability of the transistor. This asymmetry can be used for Static Random Access Memories (SRAM) as well as logic circuits, such as high fan-in dynamic gates like OR gates, used for high-performance processors. The reliability of such gates will be significantly affected by sub-threshold leakage. The use of FinFET technology, in turn, improves the noise tolerance of high fan-in gates due to the improved short channel effects. Besides, the use of AD-FinFET high fan-in circuits can improve the sub-threshold current significantly. Given the biasing of the AD-FinFET, low-[image: there is no content] and high-[image: there is no content] transistors will be realized with 3.5× and 10× improved sub-threshold current compared to the symmetric FinFET with only 36% and 7% degradation in [image: there is no content] respectively. Figure 2 shows the use of the AD-FinFET in an 8-input dynamic OR gate. The pull-down network is implemented using High-[image: there is no content] and the pull-up network is implemented using Low-[image: there is no content] transistors to minimize the sub-threshold current with a penalty on speed. Here the pull-down network can be implemented using Low-[image: there is no content] AD-FinFETs, which still improves the leakage power with negligible degradation in speed.


Figure 2. 8-input OR gate for (a) high-speed and (b) low-power applications.



[image: Jlpea 06 00020 g002]






All in all, the proposed AD-FinFET can be used in a datapath design, where the High-[image: there is no content] devices are used in non-critical paths and low-[image: there is no content] AD-FinFETs are used in critical path, which is similar to the use of Multi-[image: there is no content] technique in circuit design. See Figure 3. The use of this approach will improve the leakage power significantly with a negligible degradation in speed.


Figure 3. Critical and non-critical paths implementation using AD-FinFET.



[image: Jlpea 06 00020 g003]







2.4. FinFET-Based SRAM


The efficiency of the FinFET technology is evaluated at the circuit level by exploring SRAM cells. SRAM arrays play an important role in future wearable and implantable electronics due to the requirement of larger on-chip memory with low leakage and high robustness. The robust operation of FinFETs at low supply voltages has enabled designers to implement low to medium frequency applications in a low power mode. However, all functions of an SRAM such as read, write and hold margins will be affected by increased process variation at low supply voltages (e.g., near or sub-threshold regions) which has degraded the yield. To improve the performance of the SRAM cell at ultra-low supply voltages, several FinFET SRAM solutions from device level [13] to circuit [17,18,19] and architecture level [20,21,22,23,24] have been proposed. However, most of these architectures suffer from degraded access time, especially at near/sub-threshold regions. To alleviate these obstacles of scaling the supply voltage to subthreshold voltages, the authors proposed a novel 9T-SRAM cell by which access time is reduced significantly while the read and write operations are not degraded [25].



The standard 6T-SRAM cell shown in Figure 4a consists of a cross coupled inverter latch and two access transistors controlled by word-line (WL) signals for write and read operations. The 6T-SRAM cell cannot operate at very low supply voltages, i.e., near/sub-threshold, due to the exponential dependence of the sub-threshold current to the threshold voltage of the transistors [26]. Furthermore, the window of transistor sizing is reduced due to the width quantization of the FinFET device. Therefore, it is not enough to only look at sizing consideration in order to achieve a robust operation in the near/sub-threshold region. To achieve a more reliable read operation, one solution is to use a buffer and exclusive read bit-line (RBL) and word-line (RWL) in an 8T-SRAM cell shown in Figure 4b. Due to the stacked n-FinFET transistors in the read path (i.e., M7 and M8), the effective overdrive voltage is reduced at low voltages and hence the access time is significantly degraded. This results in read failure at sub-threshold voltages. Furthermore, the operating supply voltage of the standard 8T-SRAM cell is also limited by the access time, which again is limited by the drivability of the transistors M7 and M8. To deal with these issues with respect to reducing the supply voltage, the 9T-SRAM cell is proposed with a 40% improved access time by removal of the stacked configuration in the read path.


Figure 4. (a) The 6T-SRAM cell; (b) the 8T-SRAM cell; and (c) the 9T-SRAM cell.



[image: Jlpea 06 00020 g004]






In the 9T-SRAM cell (see Figure 4c [25]), the inverted read word-line (RWLC) is applied to the gate of a p-FinFET transistor (M7) which functions as a switch to connect the storage node to the gate of transistor M9. When the stored data is “1”, M9 turns on and the bit-line capacitance is discharged through the transistor M9. When the data is “0”, the transistor M9 stays turned off and the bit-line voltage change depends on the OFF current of the transistor M9. Furthermore, M8 is utilized to ensure that M9 remains OFF when the RWL is at “0”.



The performance of the proposed circuit during the read cycle is directly dependent on the voltage stored at the gate of M9. During read operation, the parasitic capacitance at this node can be charged very fast. This is performed through transistor M7 and the pull-up transistor in the cross coupled inverters (M3). When the stored data is “0”, since the parasitic capacitor at this node is discharged during hold state, the gate voltage of M9 remains at “0”. In this cell, the RBL cannot be precharged to [image: there is no content] during hold mode since the leakage current will considerably increase due to the use of a single n-FinFET transistor in the read path. Hence, in the SRAM architecture, the RBL is discharged to the ground during hold and write modes to reduce the leakage current. However, the voltage on RBL needs to be at [image: there is no content] at the beginning of a read cycle. To this end, a technique shown in Figure 5a is utilized by which the leakage current through the read path transistor M9 is reduced without any penalty on access time. The timing of the proposed technique is sketched in Figure 5b. By the use of this technique, the RBL is kept discharged through an n-FinFET transistor (MP) during hold mode while, the capacitor ([image: there is no content]) which can be shared between all the bit-lines, is charged through a p-FinFET transistor (MC). After asserting the column select (CS) signal, the enable signal (EN), which connects the capacitor to the bit-line, is generated. After asserting the EN signal, [image: there is no content] shares its charge with bit-line capacitance immediately and then becomes disconnected from the bit-line after a delay equals to the delay of 3 inverters ([image: there is no content]). Afterwards, RWL is asserted and RBL either is discharged or keeps its charge after required delay ([image: there is no content]) for generating the RWLC signal. This delay is equal to one inverter delay ([image: there is no content] at [image: there is no content]).


Figure 5. (a) The assist circuit for leakage reduction; (b) Timing diagram.



[image: Jlpea 06 00020 g005]






To show the efficiency of the 9T-SRAM cell in comparison to the 6T and 8T cells, the performance of the cells in the presence of process variation and device mismatch is studied by the use of Monte Carlo simulations with 1000 samples. The proposed cell is realized by using the [image: there is no content] FinFET technology. The Monte Carlo simulation for [image: there is no content] FinFET technology includes the variations of [image: there is no content], [image: there is no content], [image: there is no content], EOT and gate work function. For all the [image: there is no content], [image: there is no content], [image: there is no content] and EOT, the value of [image: there is no content] is equal to 10% of the nominal physical value. The value of [image: there is no content] for the gate work function parameter is [image: there is no content]. To lower the leakage current and lower process variations, high-[image: there is no content] transistors are used in the simulations. In the simulations, the 6T-SRAM cell is sized as follows: the access and pull-up transistors are implemented using one fin while the pull-down transistors (M1 and M2) utilize 2-fin transistors. In the 8T-SRAM, only M7 uses 3-fin FinFET transistor while the rest of the transistors in the cell use 1-fin transistors. The proposed 9T-SRAM cell uses only 1-fin transistors. The different static and dynamic features of the 6T, 8T and 9T cells at [image: there is no content] are tabulated in Table 2 where the value of [image: there is no content] is chosen [image: there is no content] at [image: there is no content].



Based on Table 2, the variation of Read Static Noise Margin (RSNM) for the 8T and 9T cells is less than that for the 6T-SRAM. That is mainly due to the use of a buffer in the read path isolating the RBL from the storage point. During the write operation, the transient voltage collapse write assist technique [24] is applied to all SRAM cells to improve the write operation mainly due to this fact that the Write Margin (WM) of the cells is degraded significantly at sub-threshold voltages. The WMs of the 8T and 9T cells are higher than the 6T cell’s for sub-threshold region that is attributed to the use of 2-fin pull-down transistors in the 6T-SRAM cell. The 2-fin pull-down transistors increase the point which the storage nodes are flipped. It makes the pull-up transistor stronger while the access transistors become weaker.



To calculate the access time, a [image: there is no content] bit-line voltage difference from [image: there is no content] is considered to be sensed by a sense amplifier (SA). Access time is defined as the time required for discharging the bit-line to a sensible voltage for the SA after asserting the RWL. During the write operation, the time between asserting the word-line signal and when the storage node voltages cross 90% of their final values is measured as write time. According to the simulation results, the access time of the 9T cell is 40% shorter than as for the 8T-SRAM at [image: there is no content]. Furthermore, the write time of the 9T cell is improved in comparison to the 8T-SRAM cell at [image: there is no content] that is attributed to the use of a 3-fin pull-down transistor in the read path of the 8T cell. This 3-fin transistor increases the parasitic capacitance of the storage node and hence increases the write time. In the case of the standby power, the proposed SRAM cell provides the lowest leakage current in hold “0” in comparison to the 6T and 8T cells.



On the other hand, the leakage current of the proposed SRAM increases in hold “1”, which is mainly due to the leakage current of M7. All of the mentioned improvements are achieved at the cost of an 82% and 15% area overhead compared to the 6T-SRAM and 8T-SRAM cells, respectively.



According to above simulation results, although the 9T-SRAM improves the performance of the memory, we have to come with new solutions and memories to further reduce the power consumption while the performance of the memory is preserved. In this respect, we briefly describe Spin Transfer Torque RAM (STT-RAM) which is one of the promising candidates to replace the SRAM as a universal memory.




2.5. STT-RAM


The STT-RAM is a promising candidate to replace the SRAM cells due to its unique features including non-volatility, low leakage, long endurance, CMOS-compatibility, and high-speed access [27]. The STT-RAM cell consists of a Magnetic Tunnel Junction (MTJ) in series with an access transistor, which is controlled by the WL signal. The MTJ is composed of two magnetic layers, i.e., pinned layer and free layer, and one oxide barrier layer as shown in Figure 6. MTJ resistance is defined by the relative magnetization direction of two ferromagnetic layers. When the magnetization directions of magnetic layers are parallel (P-state) or anti-parallel (AP-state), MTJ resistance is in low or high states, respectively. Thus, the MTJ can be used as a binary memory cell (low resistance ([image: there is no content]): logic “0”—high resistance ([image: there is no content]): logic “1”). The process of parallelizing the free and pinned layers is more efficient than the anti-parallelizing process. Besides, according to Figure 6a, write currents are significantly different. When current flows from the bit-line (BL) to source-line (SL), the gate-source voltage of the access transistor is equal to [image: there is no content] since the transistor source is grounded. It results in an overdrive voltage of [image: there is no content]-[image: there is no content]. However, when the current flows from SL to BL, the overdrive voltage of the transistor is considerably degraded because the MTJ functions as a source degeneration resistance in this scenario. Furthermore, the body biasing effect increases the threshold voltage of the transistor and further degrades the write current.


Figure 6. (a) 1T1J STT-RAM. MTJ structure; (b) P-state; (c) AP-state.



[image: Jlpea 06 00020 g006]






The above described phenomena result in an asymmetric write operation in the STT-MRAM cell. The write operation is also a stochastic process and altered during time, even when the operating and environmental conditions remain the same [27]. The switching possibility is improved by extending the write pulse period (i.e., duration of write current), hence the write failure probability is reduced. On the other hand, increasing the switching current can decrease both mean and variation of the switching time, which also helps to reduce write failures. However, this approach occupies a larger die area in an STT-MRAM cell, decreasing the memory density. In order to solve this issue, several assist techniques have been proposed to reduce the write time and power consumption. For example, in [28], a negative voltage is applied to the BL during write “1” operation to improve the drivability of the access transistor. Furthermore, in [29], an external magnetic field is applied to MTJ to facilitate the switching process leading to the critical current reduction. Other methods have been proposed which monitor the data in the cell and terminate the write operation immediately after switching [30,31,32,33]. However, all these assist methods improve the switching process at the expense of extended area overhead and/or reliability problem.



At sub-[image: there is no content] technologies, the performance and reliability of the STT-RAMs during read becomes challenging. In scaled technology nodes, read disturbances increase mainly due to the scaling of the critical current, [image: there is no content]. The read disturbance of the STT-RAMs is caused by the same current paths for read and write. The read current should be sufficiently lower than [image: there is no content] to avoid any disturbance during read operation. Although a small read current alleviates the read disturbance, it will reduce the read margin, which considerably increases read failure probability. The read margin is defined as the difference between the BL voltage and reference voltage, and a good design with large read margin is required due to the small Tunneling Magnetoresistance Ratio (TMR) of the available MTJ technologies. To deal with this issue, self-reference read scheme has been proposed, which compares the original resistance state of the MTJ to a reference resistance provided by the same MTJ [34,35,36]. Such techniques can be categorized mainly into destructive and non-destructive sensing schemes. In destructive schemes, the original data is destroyed when the reference value is written into the MTJ. Therefore, it will result in a high power consumption and a longer access latency due to writing back the original data into the MTJ. Besides, since the process of writing back the data may not complete, it can degrade the reliability of the device. On the other hand, the non-destructive approaches preserve the data into the cell while they suffer from the degraded sensing margin in more scaled technology nodes.



In general, CMOS scaling provides the benefits of higher speed, lower power consumption and denser area for digital and memory circuits. However, the reliability and the leakage power become challenging issues in scaled CMOS technology. To deal with these obstacles, alternative devices such as FinFET and working in sub-threshold region can be recruited. However, we need to come up with new circuit and architecture level solutions to improve the performance of digital circuits in sub-threshold region. Furthermore, in memory design, the challenging SRAM cell can be replaced by the promising STT-RAMs. Although the STT-RAMs can reduce the area overhead and alleviate the leakage power, the read and write operations are challenging in scaled technology nodes.





3. Low Power Analog Design


Unlike the digital circuits where the supply voltage scaling provides the most effective power reduction due to quadratic relationship to dynamic power, reducing the supply voltage does not lead to minimum power consumption when bandwidth and signal to noise ratio (SNR) must be preserved [26]. Besides, scaling of supply voltage reduces the linear range of analog circuits leading to a limited dynamic range (DR). However, scaling of the supply voltage has become a necessity mainly due to the trend of technology scaling. In the following section, some circuit tricks to design low voltage operational amplifiers (opamp), which is the most representative analog circuit, will be explored. Afterwards, since the main focus of the paper is on FinFET device as an alternative to replace CMOS technology, opamps realized in CMOS and FinFET technologies will be compared.



3.1. Low Voltage Design Techniques


Some applications, for instance bio-medical signal acquisition shown in Figure 7, need small currents and low supply voltage. The structure shown in Figure 7 can be utilized to acquire the electroencephalogram (EEG)/electrocardiography (ECG) signals where the EEG/ECG input signals are sensed with the electrodes. Then, since these signals have amplitudes in the lower voltage ranges, therefore an analog front end (AFE) structure is utilized to acquire and amplify the signals [37]. The amplified signals will be digitized by analog to digital converters (ADCs). Thereby, the successive approximation or sigma-delta ADC blocks can be utilized for decreasing the power consumption. After the digitization of the input signals, they will be fed into the signal processing unit to extract the epileptic features [38] and the output will be utilized to detect the onset of seizures by means of a machine-learning classifier that is trained to the patient-specific data [39]. In the final step, the outputs of the classifier (data) will be sent to an external device, such as a mobile phone or a server in a clinic [40].


Figure 7. Architecture of a bio-medical signal acquisition system.



[image: Jlpea 06 00020 g007]






In [41], a typical wireless EEG system is described. In this system, first, 18 channels are utilized for EEG signals recording and amplification. Then, after the digitization of the amplified EEG signals, the feature vector extraction is done locally and only the classification is performed remotely. Finally, the radio frequency transmitter used in this system is a commercially available low-power transmitter, ChipCon CC2550 [42]. As a result, by considering the actual measurements of the hardware prototype for 18 channels, the total power consumption of this system is about 120 μW.



At low supply voltages, scaling of threshold voltage can be considered as an alternative to improve the DR. However, similar to the digital case, the lower [image: there is no content] reduces the noise margin and hence degrades SNR. On the other hand, many design techniques have been proposed for low voltage analog circuits which provide an acceptable noise and bandwidth specifications [43,44,45,46]. In low supply voltages, the analog circuits can be implemented in the sub-threshold region [43,44,47,48,49]. By considering the sub-threshold region, the drain-source current and transconductance equations are obtained as the following equations [26]:


[image: there is no content]



(2)






[image: there is no content]



(3)




where [image: there is no content] is a nonideality factor and [image: there is no content] is the thermal voltage. From Equation (3), it can be seen that the transconductance in the sub-threshold region is larger than the corresponding in saturation region ([image: there is no content]) mainly due to the exponential dependence of the drain current on [image: there is no content] in the sub-threshold region. However, in the sub-threshold region, the bandwidth is limited. Therefore, using of the sub-threshold region is suitable for the applications in which the crucial specification is the power consumption not the speed.



By scaling the technology, the output impedence of the device is shrinking mainly due to channel length modulation. One solution is to cascade several low gain stages, but the stability problem will be aggravated. Therefore, in high gain opamp structures, the cascaded transistors at the output stages are utilized to increase the output impedance. However, due to the threshold voltages of the cascaded transistors, this structure cannot be utilized for low voltage regime. To deal with this obstacle, the self-cascode structure can be used in which the high output impedance is achieved in the low voltage design. As shown in Figure 8a, a self-cascode structure is a 2-transistor structure in which both of the transistors have the same gate bias voltages and the size of M2 is considered k times larger than the size of M1 [44]. Figure 8b shows the current mirror structure based on self-cascode MOSFETs. As depicted, M1 and M2 has the same DC current, but since the size of M2 is k times larger than M1, the overdrive voltage of M1 and the output voltage will be:


[image: there is no content]



(4)






[image: there is no content]



(5)






Figure 8. (a) Self-cascode structure; (b) A current mirror structure based on self-cascade MOSFETs.
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According to Equations (4) and (5), for [image: there is no content], the output voltage of the self-cascode structure has increased. Therefore, the self-cascode structure can be realized at the output stage of the op-amps in order to increase the output impedance in low voltage regime. Many techniques have also been proposed to settle challenging opamp designs in switched-capacitor circuits, which have gained importance in analog and mixed-signal designs. As mentioned earlier, low supply voltage leads to lower signal swing which requires a higher capacitance to maintain the same SNR by noise improvement. Higher capacitance imposes more power dissipation to achieve the same speed. To address the challenges, attractive solutions such as correlated level shifting (CLS) [45] and Comparator-Based (CB) opamps [46] have been proposed. In CLS, the error, emerging from finite opamp gain, is alleviated by sampling the output signal during an estimation phase and then improving the output signal by removing the error signal. This technique can provide a rail-to-rail operation leading to a higher SNR. The CB structure replaces the opamp with a combination of a comparator and current sources. This technique uses the fact that the opamp provides a virtual ground during the charge transfer phase in switched-capacitor circuits. Therefore, the comparator can be replaced to detect the virtual ground condition and enables the charge transfer phase. Both CLS and CB opamp structures can be utilized in low power high performance switched-capacitor analog and mixed-signal applications.



As mentioned above, CMOS circuits can be implemented in the sub-threshold region. For these circuits, the reference voltage decreases as well as the supply voltage that is reduced below the threshold voltage [50,51]. Implementing CMOS circuits in subthreshold region requires designing accurate voltage regulators as well. In literature, some works [52,53] have shown implementations of voltage references using MOSFETs operating in sub-threshold region. However, the main problem of these circuits is the variation of the reference voltage followed by process variations. Therefore, in [54,55], the resistive dividers are utilized to achieve the output voltage below the threshold voltage. But, lower currents require large resistors which enlarges the area. Recently, some voltage reference circuits [56,57] have been implemented based on two devices with different threshold voltages. In these circuits, the output voltage is obtained according to the threshold voltage difference of two transistors. However, the process variation and the specific process technologies limit the use of these voltage reference circuits. In [58], another voltage reference circuit, based on the switched capacitor technology and the body effect in MOSFETs, is introduced. In this circuit, the output voltage is obtained as the difference between two gate-source voltages using only one PMOS transistor operated in the sub-threshold region. This reference voltage circuit has low sensitivity to the temperature and consumes nano-power.




3.2. Analog Cells in FinFET Technology


As mentioned previously, the FinFET technology is currently utilized by digital designers for low voltage and low area applications because of the superior energy efficiency with respect to standard MOSFETs. Today, most electronic chips and circuit implementations include both digital and analog structures in combination with each other. Therefore, using the FinFET technology for analog circuits is essential as well, so the entire chip can be fabricated using the same technology.



Due to the better electrostatic characteristics of the FinFET, higher intrinsic gains are obtained in more power efficient ways. However, the main challenges of the FinFET device are the higher parasitics derived from source resistances and extrinsic capacitors [59] and the quantified width of the device.



To evaluate the performance of the FinFET in analog designs, a two stage opamp structure, showed in Figure 9, is designed in [image: there is no content] FinFET and [image: there is no content] CMOS technologies.


Figure 9. The two-stage opamp structure in 65 [image: there is no content] CMOS and 14 [image: there is no content] FinFET technologies.
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It should be noted that the mentioned [image: there is no content] CMOS technology is based on the TSMC PDK model. In this comparison, the different results of two technologies are obtained according to one specific goal. Therefore, the simulation results have been extracted based on the same phase margin of [image: there is no content] and listed in Table 4. By this condition, the DC gain in [image: there is no content] FinFET devices is [image: there is no content] more than the DC gain in [image: there is no content] CMOS technology. Also, the power consumption has been decreased from 416 [image: there is no content] in 65 [image: there is no content] CMOS technology to 180 [image: there is no content] in 14 [image: there is no content] FinFET technology, as was desired. Furthermore, as shown in Table 4, the unity gain bandwidth of the [image: there is no content] FinFET technology ([image: there is no content]) is higher than the unity gain bandwidth of the [image: there is no content] CMOS technology ([image: there is no content]). (It should be noted since the [image: there is no content] CMOS technology is not available for us, we have compared the two analog circuits in the [image: there is no content] FinFET and [image: there is no content] CMOS technologies. But, since this [image: there is no content] CMOS technology is based on the real TSMC PDK model, the obtained results are more accurate than the results achieved by comparing the [image: there is no content] FinFET technology and [image: there is no content] CMOS technology which is not based on the real TSMC PDK model.)



The main features of implementing the radio frequency (RF) CMOS circuits such as low noise amplifies (LNAs) are their gain, speed, power consumption and noise. As mentioned in [60], FinFET devices achieve higher gain in comparison with the planar CMOS devices. However, the specific speed ([image: there is no content]) is higher in planar CMOS devices compared to the FinFET devices. Furthermore, as mentioned above, FinFET devices are very power-efficient in comparison with the planar devices. In addition to the gain, speed and the power performances of the RF design using planar and FinFET devices, noise is an important performance feature as well. As depicted in Figure 10 and mentioned in [58], the noise figure (NF) of the inductive LNAs is proportional to [image: there is no content], where [image: there is no content] is the operating frequency. Furthermore, the NF of the feedback-based LNA is proportional to [image: there is no content] [58]. Finally, by considering the same current consumption for both FinFET and planar devices, it is evident that since the FinFET devices have higher parasitic capacitance derived from source resistances and extrinsic capacitors [59], the FinFET devices have lower [image: there is no content] and higher noise in comparison with the planar devices. As a result, device optimization will be required to decrease the parasitics and improve the performance of the FinFET devices for RF applications [61]. As an example described in [60], by consuming similar power (10 [image: there is no content]), the FinFET LNA devices achieve lower bandwidth (2 [image: there is no content]) and higher NF because of their higher parasitics in comparison with the planar devices with a bandwidth of 2.5 [image: there is no content], and a low NF of 2.6 [image: there is no content]. In summary, although the planar devices provide lower gain in comparison with the FinFET devices, their speed and noise performances are more appropriate for RF applications.


Figure 10. Circuit schematics of (a) the inductive LNA; and (b) the feedback-based LNA.
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4. Energy Harvesting


Reducing the energy cost of running an electronic system can enable us to use energy harvesting as a power source. This opens up for a whole range of new applications both in terms of distributed wireless networks in rough environments, where it is not possible to access the sensor node by wires or change batteries, or in implanted sensors where size and bio compatible requirements makes it impossible to attach a battery. Instead, different energy harvesting techniques makes it possible to harvest ambient energy from the surroundings and continuously power the system.



In this section, we will look at the feasibility of powering a system using only energy harvesting techniques and discuss the advantages and disadvantages of some of the more popular methods and certain combinations of harvesters.



4.1. Techniques and Sources


There are a variety of energy sources available in the environment such as light from the sun or indoor lighting, electromagnetic waves from cell phones and WiFi connections, vibrational energy from engines and buildings, wind power, wave energy, waste heat etc. The human body is, in itself, also an incredible source of power, both in terms of mechanical movement and vibrations when we move or talk, continuous stream of blood flow, excess heat, bio-chemical energy from physiological processes, etc. All these power sources can be harvested by kinetic harvesters, fuel cells, solar cells and thermal harvesters. The kinetic harvesters are mainly comprised of piezo electric and troboelectric harvesters, electrostatic transduction and magnetic induction generators. A good review of the most popular harvesting techniques was done by J. Olivo et al. [62]. It was found that the power income of harvesters was: kinetic; 40 μW–80 μW, thermoelectric; 1 μW–30 μW, fuel cells; 2 μW–430 μW and inductive links; [image: there is no content]–[image: there is no content], respectively.



4.1.1. Solar Energy


Solar energy is an abundantly available and exploitable energy source outside and has been thoroughly researched for decades in the pursuit of producing even higher energy conversion efficiencies. Solar cells have developed into 5 main categories, crystalline silicon, thin film cells, organic/polymer, hybrid PV cells and dye-sensitized cells to fit a variety of applications, ranging from big solar power plants to small wearable devices. Crystalline silicon is one of the original cell types and is advantageous because of the easy availability and good efficiency (21%–28%) [63]. However, the manufacturing costs are significant, so cheaper alternatives, such as thin film cells, where less material is needed, are explored. Thin film cells come in a range of different technologies (amorphous, CdS/CdTe, CIS/CIGS) [64], with efficiencies ranging from 11%–29% [63], with the lowest efficiency being the recently emerging quantum dot technology. In 2014, a new efficiency record at 46.5% of a multi-junction concentrator solar cell, was presented by Tibbits et al. [65]. However, the usefulness of this multi-junction type is limited by the high fabrication cost and, for some applications, the inflexible structure. In stead, organic cells and dye sensitized cells are showing great potential because of the low fabrication cost and for the organic cells; low environmental impact, wide tunability of chemical functionalities and good compatibility with flexible substrates that makes them a great candidate for wearable/implanted devices. The maximum lab efficiencies ranges from 5%–11.5% with the best performance given by the dye sensitized [63,66,67,68]. A more detailed overview of the top lab efficiencies is provided by NREL [63] (National Renewable Energy Laboratory (NREL) www.nrel.gov).



With a typical spectral irradiance of [image: there is no content] on a surface illuminated by the sun at the AM1.5 standard, the power produced by the solar cells in the efficiency range of 5%–45% is [image: there is no content]–[image: there is no content]. If the device is operating indoor, the spectral irradiance depends on the light source and the solar cell efficiencies also depend on how the bandgap energies match the light source. However, a typical range of irradiation is [image: there is no content]–[image: there is no content] [69] and if we consider the worst case scenario, the corresponding converted power outputs in the same efficiency range are 2.5 μW/[image: there is no content]–22.5 μW/[image: there is no content].



An example of an autonomous bio implant that is powered solely by solar energy is an implantable intra ocular pressure monitor done by Ghaed et al. [70] in 2013. The low power techniques utilized are ultra high threshold voltage and thick gate oxide to keep the leakage power low in the capacitance to digital converter. The SRAM is a 10T cell that uses gate length biasing in the dataretaining portion while power gating the read buffer to acheive [image: there is no content] standby leakage [71]. The [image: there is no content] is scaled down close to the minimum energy point so the micro processor and SRAM consume only [image: there is no content] combined at [image: there is no content] in active mode. The entire system including a capacitive MEMS pressure sensor, capacitance to digital converter, transceiver, SRAM, μP and SCVR is powered by a [image: there is no content] solar cell that produces between [image: there is no content] and [image: there is no content] in bright indoor and outdoor sunny lighting respectively. This corresponds to a power output of [image: there is no content]–[image: there is no content], which is significantly less outdoor than what is stated above, however, it must be noted that this system is implanted in the eye and therefore never subjected to direct sunlight and significant absorption of some wavelengths is expected. The system is nevertheless able to measure the intra ocular pressure every [image: there is no content] and transmit the data once a day with only 1.5 h of sunlight or 10 h of indoor lighting per day.




4.1.2. Mechanical Energy


Mechanical energy is the most widely distributed energy source and it is a source that fits well with the area of IoT that includes human-related motion applications. An extensively researched technique to harvest mechanical energy, is using piezoelectric and triboelectric materials because of the possible applications in flexible and wearable electronics. Other techniques such as magnetic induction or electrostatic transduction have also been used extensively in the past, however, with the recent trend in comfortable, flexible and compact wearable devices, the piezoelectric and triboelectric materials show most potential in flexible materials that are functional, cheap and easily industrially available.



The most common materials used are ZnO, lead zirconate titanate (PZT), poly (vinylidene fluoride) (PVDF), 2D materials and composite materials. PZT is a widely used ceramic material with high dielectric constant and piezoelectric voltage, but it is also brittle and can only withstand a maximum safe strain of 0.2% [72]. Generators such as piezoelectric nanogenerators (PENGs) and flexible triboelectric nanogenerators (TENGs) have been extensively researched since the first ZnO nanowire-based generator was demonstrated in 2006 [73]. TENGs are simple and cost effective and the maximum power output of a triboelectric nano-generator has reached [image: there is no content] [74] and an energy conversion efficiency of 70.6% [75]. This means that it can also be used to harvest energy on a large scale, like wave or wind energy. However, a typical flexible polymer TENG for wearable applications yields a power density of 10.4 μW/[image: there is no content] [72]. For biological applications, the polymer-based piezoelectric materials, PVDF, is advantageous because of the chemical resistance of polymers, the ease of fabrication, flexibility and bio-compatibility. The disadvantage is that in order to achieve good performance, the material must be electrically poled first [72].



In order to track and convert motion energy from humans without the uncomfortable feeling of having to bend something when you move, piezoelectric fibers have been developed [76]. They have proven to be bent and folded repeatedly without any damage and they can produce an output power of [image: there is no content] at [image: there is no content] with a bending frequency of [image: there is no content]. Furthermore, arrays of these fibres have excellent pressure response at small values ([image: there is no content] at low pressures) so they can work excellently as pressure sensors. For smart clothing application, fibers have been coated with nanowires by Lee et al. and woven to a fabric using the “brush-to-brush” fabrication model, where the nano wires brush up and down against each other and generates electricity from slow movements (<1 Hz). This results in a power density of 16 μW/[image: there is no content] [77].



Implanted sensors and actuators powered by piezoelectric materials can also be realized by powering them externally using ultrasonic waves. This power transfer option is often the better choice when dealing with very small and deeply implanted sensors. In Figure 11, an overview of power outputs from RF, near-field (typically inductive) and ultrasonic sources is shown. The figure shows the general trend that RF is relatively low power outputs and best for near-surface implants, near-field gives high power outputs for near-surface implants, but is relatively large and ultrasound gives high power outputs even for deeply implanted small sensors.


Figure 11. Comparison between RF (red), Near-field (pink) and ultrasound energy harvesting (blue) in implantable devices.
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When implanted sensors and actuators are powered externally using ultrasonic waves, the pressure wave from the ultrasound will force the piezoelectric material to stretch and compress and an AC current will be produced. An example of a device, powered by ultrasonic energy transfer, was demonstrated by Charthad et al. 2015 [91]. The device is a [image: there is no content] implant including an IC with a [image: there is no content] on-chip storage capacitor, a hybrid data link consisting of a ultrasonic downlink and RF uplink. The system can support a load of [image: there is no content] and the total power consumption of the IC is [image: there is no content], which is far more than the previous example of a solar powered implant, however, by using ultrasonic power, the available power is also much higher. The system is powered at a distance of [image: there is no content] in chicken meat by a [image: there is no content] ultrasonic wave, which is 5% of the FDA limit. The dimensions of the ultrasound piezoelectric receiver is [image: there is no content].




4.1.3. Combinations of Energy Harvesters


A combination of energy harvesters can be useful for cases where multiple energy sources can provide a comparable amount of energy to boost the total harvested power. It can also be advisable when the harvesting circuits requires initial power to harvest energy. This is, for instance, the case for highly efficient solar harvesters where the energy must be harvested at a specific voltage for optimum efficiency.



Flexible hybrid nano-generators (FHNGs) have been developed to harvest multiple types of energy sources that complements each other in an effective manner. The challenge here is to choose suitable materials with good flexibility, compatibility and mechanical stability and develop fabrication methods that are applicable to the industry.



An example of a FHNG with harvesters that complements each other is the combination of PENG and TENG by Jung et al. [92]. Here, the high piezoelectric current output and the high triboelectric output voltage is powering simultaneously in one operating cycle. The combination produces a peak voltage of [image: there is no content], a current density of [image: there is no content] and a power density of [image: there is no content]. The device can successfully power 600 LEDs by the force of fingers (≈0.2 N).



Because the voltage level of indoor operated solar cells becomes comparable to PENGs voltage output, it is also a good design to use both PENGs and solar cells together. A combination of an organic solar cell in co-junction with a ZnO piezoelectric material is developed by [93]. The device is a combination of several flexible layers, including Indium tin oxide as cathode for the solar cell, and the average power conversion efficiency of the solar cell was 1.5% with an open circuit voltage and current density of [image: there is no content] and [image: there is no content] in standard AM 1.5 illumination respectively. However, the indoor photovoltaic voltages ranged from [image: there is no content] to [image: there is no content] which fits well with the piezoelectric voltage that was up to [image: there is no content] and an output current around hundreds of nA [93].



Even a triple combination of a thermal, solar and mechanical energy harvesters have been fabricated by Yang et al. [94].





4.2. Energy Harvesting Interfaces


When designing an energy harvesting system (see Figure 12), the transducer (energy harvesting unit) is usually not suitable to power the loads directly because of the often low input voltage and varying nature of the ambient energy sources and thus the power input level. Therefore the energy is transferred directly to a power converter that upconverts the voltage to the desired level and then charges the energy storage or buffer that powers the load. Architectures have also been made where a control system directs the power directly to the load, bypassing the energy storage, when there is enough ambient energy, thus saving energy by not having to charge and discharge the energy to the storage unit [95]. The energy storage is usually implemented using super-capacitors (or ultra-capacitors) because of the longer life time compared to conventional batteries. Even though they have lower energy density than batteries, the power density is larger and they have a practically unlimited number of recharge cycles.


Figure 12. Block diagram of an energy harvesting system.
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The control unit has the crucial task of keeping the power converter operating at the most energy efficient level both taking the maximum power point (MPP) of the transducer and the charge level of the energy storage into account. For transducers such as solar cells, the MPP is greatly dependent on the illumination and the input impedance of the power converter must therefore be matched with the optimum current output of the solar cell by utilizing a tracking scheme that follows the power input from the cell. However, internally, the power converter must also be regulated to balance conduction loss, switching loss and charge redistribution loss based on the amount of charge that must be transferred and the voltage and charge level of the energy storage.



In order to improve the efficiency of an energy harvesting system, it is not enough to improve the efficiency of the individual blocks because that might degrade the overall efficiency since they all operate interactively. It can therefore be very time consuming to optimize an ultra low power energy harvesting system, however, time can be saved by implementing all but the block in question as e.g., a Verilog model to speed up the simulation process.



Power Converters


Power converters are an absolute necessity in mm-size energy harvesting systems. Power converters have been extensively researched in battery-powered embedded systems, however, the optimization objective is very different in energy harvesting systems so a complete reuse of those systems would lead to a degradation of performance [96].



For RF energy, triboelectric and piezoelectric energy receivers, it is necessary to use an AC/DC rectifier. Figure 13a shows a conventional multistage diode structure on which an analytical model for optimization was developed [97]. This design was further optimized in 2016 for ultra low power purposes with a PCE of 72% for 19 [image: there is no content] load [98]. In 2014, an improved a switched-offset biasing scheme was proposed by compensating for the delays of the active diodes, which could otherwise cause reverse leakage current [99]. They reached power conversion efficiencies between 82% and 90%. Later, [100] proposed an active recitifier where switching loss and conduction loss have been balanced by setting the on-time and off-time calibrations to the near optimum value. They reached a peak PCE of 94.8%.


Figure 13. (a) Multistage AC/DC rectifier; (b) cross coupled capacitive charge pump.
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Solar cells and thermoelectric harvesters produce DC currents, so only DC/DC buck/boost converters are necessary here. There are two main categories of charge pumps, the inductor based and the switched capacitor based. For low power densities (<1 mW/mm2) capacitor based CPs are more efficient, however, for higher power densities, and applications with larger area, bulky inductors is usually the better option [101]. The first capacitive charge pump proposed was the Dickson charge pump, and since a variety of improved linear charge pumps have been developed. However, the performance of linear charge pumps degrades significantly in ultra low voltage transducers. Therefore the charge transfer capability was subsequently improved by designing a tree topology charge pump [102]. Cross-coupled switched capacitor voltage doublers (see Figure 13b) are also well suited for low input voltage applications, however, when the input voltage drops below the threshold voltage, the charge pump malfunctions. Therefore, a further improvement of the cross coupled charge pump was proposed by using an auxilliary negative charge pump to enable lower input voltages and utilizing dynamic body bias and adaptive dead-time to increase the PCE [103]. A theoretical study of the design considerations has been carried out for several types of charge pumps by Ki et al. [104].





4.3. Sustainable Operation Using Ambient Energy


When you look at the power consumption of different block in a mm-scale wireless device, you will most often find that the most power consuming part, by far, is the RF transmitter. However, in many applications it is not necessary to transmit more than a few bytes each hour, which makes the average energy consumption comparable with the rest of the circuit blocks. For these cases, currently, energy harvesting techniques are able to power systems with only basic functionalities, however, a further decrease of power consumption from analog and digital circuits would provide more sophisticated implants with increased computation power. A continuous downscaling of the technology furthermore decreases the environmental impact of sensors when embedded in complex systems, such as the human body. This paves the way for more intelligent implants, drug delivery systems, neuro implants and other medical advances.



In general, the best form of energy harvesting depends on the application; in cases where the system requires a long lifetime and is remote or otherwise inaccessible, e.g., distributed wildlife/forest fire sensors, or you just have no desire to power the system by any form of power transfer, e.g., smart clothes, tents, backpacks, etc., a solar powered system is advantageous. However, if the application is a relatively deep or size restricted implant that requires high stability, ultrasonic power is the better choice, although if the implant is placed near a “power source” such as blood/air flow or heartbeats, piezoelectric nanogenerators are coming up as viable alternatives. For top skin/fat layer applications with no significant size restrictions, other types of near-field energy sources can be considered. However, note that when the transfer medium is air, RF is advised, but if it is metal, again ultrasound is a good option. In cases where the environment is rich on specific chemicals that can power a fuel cell, this is a cheap, environmentally friendly but time limited solution, that doesn’t require external power. Finally, devices that are situated in highly vibrating/moving environments, e.g., engines, shoes, wristwatches, etc., kinetic harvesters like piezoelectric, triboelectric, magnetic induction or electrostatic transduction can be used.





5. Conclusions


In this paper, design challenges in integrated circuit design for future battery-less WIDs were explained. Furthermore, some proposed techniques were introduced to tackle such challenges from device to circuit and architecture level. All in all, battery-less WIDs will not be possible without introducing novel technologies such as FinFET etc. as replica for CMOS technology as well as circuit and architecture techniques to lower the power consumption significantly due to the lack of enough available energy from harvesters. On the other side, combining different harvesting techniques in a compact way will be the solution to generate more power to such WIDs. Therefore, we envision more research on combined energy harvesting technologies along with device circuit co-design techniques as an enabling solution for future battery-less WIDs.
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Abbreviations


The following abbreviations are used in this manuscript:



	WID
	Wearable/Implantable Device



	TEG
	Thermoelectric Generator



	IC
	Integrated Circuit



	SoC
	System-on-Chip



	SCE
	Short Channel Effect



	RF
	Radio frequency



	IoT
	Internet of Things



	IoBNT
	Internet of Bio-Nano Things



	MuGFET
	Multi-Gate Field-Effect Transistor



	CNT-FET
	Carbon Nanotube Field-Effect Transistor



	RDF
	Random Dopant Fluctuation



	EOT
	Equivalent Gate Dielectric Thickness



	PTM
	Predective Technology Model



	DIBL
	Drain Induced Barrier Lowering



	SS
	Sub-threshold Swing



	SRAM
	Static Random Access Memory



	WL
	Word-line



	BL
	Bit-line



	SL
	Source-line



	RBL
	Read Bit-line



	RWL
	Read Word-line



	RWLC
	Read Word-line Complementary



	CS
	Column Select



	EN
	Enable Signal



	RSNM
	Read Static Noise Margin



	WM
	Write Margin



	SA
	Sense Amplifier



	STT-RAM
	Spin Transfer Torque Random Access Memory



	MTJ
	Magnetic Tunnel Junction



	SNR
	Signal-to-Noise Ratio



	DR
	Dynamic Range



	OPAMP
	Operational Amplifier



	EEG
	Electroencephalogram



	ECG
	Electrocardiography



	ADC
	Analog-to-Digital Converter



	AFE
	Analog Front-End



	CLS
	Correlated Level Shifting



	CB
	Comparator Based



	NREL
	National Renewable Energy Laboratory



	SCVR
	Switched Capacitor Voltage Regulator



	PZT
	Lead Zirconate Titanate



	US
	Ultrasonic



	PENG
	Piezoelectric Nano-Generator



	TENG
	Triboelectric Nano-Generator



	PV
	Photovoltaic



	CIGS
	Copper Indium Gallium Selenide



	AM
	Air Mass



	MEMS
	Microelectromechanical System



	FHNG
	Flexible Hybrid Nanogenerator
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Table 4. Two stage opamp in [image: there is no content] FinFET and [image: there is no content] CMOS technologies.







	
Parameter

	
14 nm

	
65 nm






	
DC Gain

	
51.9 dB

	
41.7 dB




	
Phase Margin
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Unity gain bandwidth

	
338 MHz

	
125 MHz




	
Power Consumption

	
180.93 μW

	
416 μW
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