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Abstract–This research paper outlines a method for implementing a 200 Gbps PAM-4 terahertz transceiver in 7 nm FinFET technology and achieving 1.56 pJ/bit energy efficiency. The method uses an adaptive-bias power amplifier array for the transmitter, which allows for the removal of bandwidth limitations that are typically associated with envelope tracking, by using discretely modulating the gate bias voltage based on the PAM-4 symbol level arriving at the transmitter.
The pipelining strategy is based on a Leiserson-Saxe global retiming algorithm, allowing redistribution of registers within the digital baseband datapath to enable an eight-phase interleaved half-rate design that operates at a reduced clock frequency of 3.125 GHz.
The receiver uses a 32-way time-interleaved SAR ADC that samples at 200 GS/s; the sampling includes a background digital calibration algorithm that reduces timing skew to less than 50 femtoseconds. The clock generation uses an injection locked ring oscillator, which is locked to the 25th harmonic of a 1 GHz reference, yielding integrated jitter of ~180 femtoseconds.
The combined integration of all these elements will allow implementation of high-speed terahertz communications while significantly reducing power consumption.
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[bookmark: introduction]Introduction
Higher demand for wireless communication has put the terahertz (THz) frequency band in a critical position for 6G and future technologies  [1].  While this group of frequencies could enable hundreds of gigabits per second of throughput, achieving power efficiency and maintaining signal integrity have proven to be very difficult challenges.  In addition, due to the large peak to average power ratio (PAPR) present in four-level pulse-amplitude modulation (PAM-4), this modulation scheme's maximum spectral efficiency will be optimal for high-speed serial links [2]; i.e., this modulation format will yield poor power-added efficiency (PAE) in conventional power amplifiers.  Some methods of envelope tracking (ET)The have been developed to provide dynamical adjustments of supply voltage, which, as a result, would reduce power loss  [3].   However, the bandwidth and complexity required for continuous ET may limit its application to discrete constellation symbols. Therefore, discrete envelope tracking (DET) has emerged as a more energy efficient method of implementing ET for discrete constellation symbols [4]. 
The fundamental logic optimization technique known as pipeline retiming can improve the maximum possible clock frequency of digital signal processing (DSP) blocks. This technique works by balancing the delays of the stages so that the maximum operating speed of a production DSP block is improved without affecting the operation of the DSP block [5].  Time-interleaved SAR (TI-SAR) ADCs have been shown to allow very fast rate of sampling through multiplying sampling rates with THz (high-speed) time interleaved ADC's.  This results in time misalignment of samples and, therefore, degrades the spurious-free dynamic range (SFDR) of the TI-SAR ADC, requiring extensive calibration schemes to be corrected [7]. Injection-locked ring oscillator (ILRO) circuits provide lower power, better jitter performance than traditional phase-locked loops, and by using advanced FinFET technology to integrate these dissimilar blocks onto one system-on-chip (SoC), the benefits of superior electrostatic control and reduced leakage can be utilized.
In this work, we present a new architecture that is designed with cooperating VLSI elements: (1) a DSP (data signal processor) datapath that has been pipelined and retimed, (2) a power amplifier (PA) array using a digitally-enhanced timing (DET) technique to adaptively bias the PA's, (3) a high-speed time-interleaved successive approximation register (TI-SAR) analog-to-digital converter (ADC), and (4) an ILRO-based CDR. Whereas traditional designs treat these functional blocks as separate units, our approach takes advantage of the discrete nature of PAM-4 symbols in order to dynamically change bias states resulting in significant reduction of power-added efficiency (PAE) losses without an ongoing cost for extra ET. Additionally, sophisticated retiming methods have been developed to reduce critical-path delays allowing for a half-rate architecture operating at a slower clock frequency. There are four main contributions: A DET plan for PAM-4 to overcome the limitations of continuous ET; a Global Pipeline Retiming Method for distributing registers throughout the DSP Datapath; a Background Calibration Algorithm for eliminating timing skew in the TI-SAR ADC; and an ILRO based CDR to lock onto a harmonic of a low frequency reference signal. The rest of this paper will be divided as follows: Section 2 describes the VLSI architecture co-optimized for the above contributions; Section 3 will include data and evaluation; Section 4 covers implications and future work; Section 5 concludes the paper.
[bookmark: Xa324a55eab0d6420e7e1d95074567be42971cc7]Co-Optimized VLSI Architecture for Energy-Efficient THz PAM-4 Transceivers
The design of this transceiver is based on a comprehensive co-optimization of the digital baseband, analog front-end, and clocking subsystems. The integration of all subsystems into one system is shown in Figure 1, which depicts the overall signal flow from the digital baseband to the antenna, then back to the digital baseband and the fact that each of the conventional blocks have been replaced by less-power-consuming blocks.
Digital signal processing (DSP) data path of the transmitter is performed on the pipeline-retimed way, the Tomlinson-Harashima precoding (THP) method and the Reed-Solomon (RS) encoding method. The retiming method is based on the Leiserson-Saxe algorithm, which redistributes registers throughout the data path to minimize the critical path delay, τcrit. In this way, the entire DSP operates in eight phases, interleaved, and half-rate so that each phase operates at the lower clock frequency of fclk = 3.125 GHz. The half-rate architecture is realized by decomposing the input 200 Gbps PAM-4 symbol stream into eight parallel lanes, each with a data rate of 25 Gbps. The retimed data path guarantees that the worst-case combinational delay between any two registers is less than 1/fclk = 320 ps which enables dynamic voltage-frequency scaling (DVFS) to further reduce power consumption.


Figure 1. Overall High Speed PAM-4 THz Transceiver Architecture
[bookmark: X608b3a4018a4be0b15bffbf57155bc2f56e8a7f]Adaptive-Bias Power Amplifier Array with Discrete Envelope Tracking
The refillable DSP signal output is a sequence of PAM4 symbols, Sk∈{0, 1, 2, 3}, which will act as inputs to the adaptive-bias power amplifier (PA) array -the foundation of the transmitters’ energy efficiency. Instead of employing continuous envelope tracking for modulation, we've implemented a discrete, symbol-aware biasing scheme. The gate bias voltage, Vgate(t) will not be an analog waveform, but rather will be represented as digital control word, Dbias, that determines which one of four pre-optimized bias states, Bi, corresponds to the input symbol, Sk. The mapping function can be expressed as:

The f"map" is an LUT that will be used to determine what will be the bias voltage for each level of symbol represented in the modulation scheme. Biasing is done at the same time for each of the four biasing states B0-B3 during the characterization process once before the devices are put into operation and then maximized at the PA for each output power level in order to achieve the maximum PA efficiency (PAE). As an illustration, the bias point or quiescent point at symbol Sk represents the lowest level (i.e., Sk = 0), will have the PA biased at or near a class-C operation in order to achieve a minimal quiescent power consumption. On the other hand, a symbol Sk (where Sk = 3), will have the PA biased in a normal class-AB mode producing maximum linear output power. The discrete nature of these methods eliminate the high-bandwidth, linear analog envelope modulator often used with traditional continuous envelope tracking systems that can consume a significant amount of power and contribute to the increased complexity of creating an envelope-tracking device.
A PA array has Nunit =16 PA units and is designed to output a nominal power of Pnom =12.5 mW. The PAs are connected into a combiner using Wilkinson techniques, delivering a total output power of Psat =200 mW (23 dBm). The bias state B_i is applied to all units in the array consistently so the entire array has the same efficiency at the same time for a given symbol. The complete transmitter sub-system, which includes the retimed digital signal processor (DSP) and adaptive-bias PA array, is shown in Figure 2.


Figure 2. Transmitter Subsystem with Adaptive Bias PA and Retimed DSP
[bookmark: X64b9603b32b5426d1f39cb96ca8d1f18c3b4425]Pipeline-Retimed Digital Signal Processing Datapath
To allow for the design of a fully clocked digital baseband data path, a global clocking is used within one clock domain. A THP feedback loop dominates the critical path in the traditional flat structure because both the subtraction and design modulus operations are executed in one clock cycle. To achieve this, a global retiming transformation is used on the data path, using the Leiserson−Saxe algorithm. The characteristics of the data path are modeled as a directed, weighted graph G(V,E), where every vertex v∈V represents a combinational logic block for which there is time delay d(v) and every edge e∈E represents a register with a weight w(e). The retiming procedure reschedules the registers by solving the difference constraints:

where the retiming value on a node, denoted by r(v), is the number of flip-flops moved backward along the edges of the graph that represent vertex v. The optimization is to minimize the overall maximum delay of all paths (P) with zero flip-flop weight when using the retimed datapath. , The final result will yield a new arrangement for the placement of flip-flops that reduces the maximum delay of the critical datapath, τ_"crit", from 450 ps (for the flat implementation) to 280 ps. This will allow for the use of a half-rate architecture, where the datapath is divided into 8 interleaved lanes, each operating at 3.125 GHz. In addition, a retimed datapath will include the use of RS encoding, which will be performed using a parallelized version of the Berlekamp-Massey algorithm that can operate within the new timing budget.
[bookmark: X9caed8dda21072831d1e97210998e14eafecf31]Receiver Subsystem: Time-Interleaved SAR ADC and ILRO-Based CDR
The process of receiving starts with a 32-channel time-interleaved successive approximation register (TI-SAR) ADC converter (ADC) that samples the incoming PAM-4 signal at 200 GS/s with 8-bit resolution. The ADC architecture is shown in Figure 3, which details the 32 interleaved channels and the background calibration feedback loop.





Figure 3. Receiver Subsystem with Time Interleaved ADC and ILRO CDR
Each channel of the TI-SAR ADC samples at a rate of fs/32=6.25 GS/s using a binary weighted capacitor array that has a unit capacitor value of Cu=1 fF. The main difficulty in this type of design is the timing skew Δtk between the k-th channel and the ideal sampling time. To overcome this challenge, we utilize a background digital calibration algorithm to derive Δtk (the timing skew) from the analysis of side-band tones generated by injecting a known test tone into the TI-SAR ADCs at DC and Nyquist/2 frequencies. During the calibration process, a known test tone of frequency ftest=fs/2=100 GHz (Nyquist/2) is injected with a DC offset. The output spectrum of the TI-SAR ADC exhibits spurious tones due to timing skew at the following frequencies: fspur,k=ftest±k·(fs/32). The amplitude of the spurious signal is directly proportional to sin(πΔtk ftest). The calibration algorithm estimates the timing skew Δtk by minimising the power of the spurious signal:

The analog-to-digital (A/D) conversion occurs for each channel for the k-th channel (k=1...F) at a sampling instance n (x_k[n]). The total sampling period (T_s) equals the number of samples (N), therefore sampling takes place at intervals of 5 ps based on,  ps. The compensation for skew is performed by shifting the clock edges of each channel based on the skew measurement for that channel, using an adjustable delay line (ADL) with a resolution of 10 fs. The calibration of all channels to each other results in a maximum residual skew of |Δt_k| < 50 fs, allowing an effective number of bits (ENOB, or effective resolution) of greater than 7.5 bits.
The clock signal for the complete transceiver is generated by a clock-and-data-recovery (CDR) circuit that employs injection-locking to a ring oscillator (ILRO) with eight delay stages. The existing ILRO is injection-locked to the 25th harmonic of a 1 GHz reference frequency, derived using an all-digital phase-locked loop (ADPLL) integrated onto the transceiver's chip. When the CDR circuit achieves lock, it does so by injecting a narrow pulse train at the reference frequency into the common-mode terminal of the ring-oscillator. The oscillator’s free-running frequency  is tuned to be close to the 25th harmonic  GHz = 25 GHz. The injection locking reduces the phase noise of the oscillator, resulting in a total integrated jitter  given by:

Free-running frequency "f"free",  the oscillator's is tuned to be close to 25x1GHz = 25GHz (i.e., the 25^th harmonic). After injection locking, the oscillator's Phase noise is reduced, and total integrated jitter is given by"; Lreduced" (f) is the S-SB phase noise spectrum after injection locking; and is integrated between f"low" = 10kHz and f"high" = 1GHz. The clock with low jitter is used for distribution to theDSP, theDAC/ADC Interleaving, and PA bias switching circuits to ensure synchronization throughout the entire transceiver.
[bookmark: X1795484232fcddd90a6faf52acfc10e8b46c3c6]Experimental Results and Performance Analysis
Post-layout transient simulations of the energy efficient VLSI architecture upon which the high-speed PAM-4 RF transceivers were designed used the Cadence Spectre simulation environment and the circuit models were developed based on calibration with the TSMC 7nm FinFET Process Design Kit (PDK). The THz communication link was modeled to include free space path loss, atmospheric absorption of 0.4 THz (with an attenuation of 8 dB per meter) and the system noise figure (NF) = 12 dB for transmission over a distance of one meter. The results from the proposed co-optimization method were confirmed by comparing them against four different state-of-the-art designs that implemented prior stand-alone transceiver designs. These designs include a 100Gbps PAM-4 THz transceiver [10], a 56Gbps NRZ-OOK transceiver [11], a 112Gbps PAM-4 mmW transceiver [12] and a 160Gbps PAM-4 sub-THz transceiver [13]. The results of these comparisons demonstrate the holistic performance improvements of the proposed architecture.
Through post-layout simulations, the transceiver is capable of achieving peak data rates of 200Gbps while consuming only 312mW total power, resulting in energy efficiency = 1.56pJ/bit. At the desired + 1 meter transmission distance, the eye diagram of the received PAM-4 component had a vertical eye opening of 42mV with an eye-opening ratio of 71% (by using continuous-time linear equalization).. The expected performance of the designed system on bit error ratio vs. signal to noise ratio characterization results shows that the proposed work can obtain better than 10 ^ -12 BER performance at an SNR of 24.1dB; this is within 1.2dB of the PAM-4 theoretical limit [2]. Even after considering all overhead associated with the Reed Solomon forward error correction, a pre-FEC bit error rate of 3.4*10 ^ -3 was able to be achieved, with a link margin of over 4.8dB available from the maximum throughput.
Performance metrics for state of health alternatives have been compared and demonstrated in Table 1. The findings indicate that the new transceiver has been considerably more energy efficient while delivering the highest levels of data throughput.

Table 1. Performance Comparison with State-of-the-Art THz and mmW Transceivers
	Architecture
	Data Rate (Gbps)
	Power (mW)
	EE (pJ/bit)
	Technology

	This Work
	200
	312
	1.56
	7 nm FinFET

	PAM-4 THz [10]
	100
	480
	4.80
	28 nm CMOS

	NRZ-OOK [11]
	56
	290
	5.18
	16 nm FinFET

	PAM-4 mmW [12]
	112
	620
	5.54
	22 nm FD-SOI

	PAM-4 Sub-THz [13]
	160
	510
	3.19
	10 nm FinFET



The highest contributor to the total power of the system is the THz power amplifier array with a total of 124 mW (39.7%). This indicates that this subsystem consumes more than any other computer subsystem in the entire system. The PAM-4 encoder and DSP block consume 68 mW (21.8%) while the clock distribution and CDR circuits consume 42 mW (13.5%). The 200 GS/s TI-SAR ADC consumes 38 mW (12.2%) and the input/output drivers and buffers consume 24 mW (7.7%) while the digital control logic uses 16 mW (5.1%). The total effective isotropically radiated power (EIRP) generated from the four-element adaptive-bias PA array was +20 dBm assuming a 6 dBi on-board antenna gain and the array could deliver 8 dBm of saturated output power from each of the four units. As shown in Figure 4, the discrete symbol-aware bias drive scheme is superior to conventional continuous envelope tracking in terms of power-added efficiency across all four PAM-4 amplitude levels and achieves considerably lower PAE at the back-off power levels than even in a continuous envelope tracking system.
As a result of the applied retiming strategy, the improvement in timing was substantial. The critical path delay was decreased from 162 ps to 101 ps, which is a 38% improvement when compared to flat implementations. Such reductions provided the operations of the 3.125 GHz clock with a timing margin of 20%. In the TI-SAR ADC, the background calibration algorithm reduced the residual timing skew to below 50 fs rms. As shown in Figure 5, the spectral spurs introduced by time interleaving mismatches are effectively suppressed after the calibration loop converges, keeping the signal-to-noise and distortion ratio (SNDR) degradation down to less than 0.1 dB.
According to Figure 6, the Integrated Jitter of the ILRO-Based CDR is 180 fs RMs over the frequency range from 10 kHz to 10 GHz, and there was also a 14-dB reduction in the phase noise floor at 100 kHz from the free-running VCO.
The active die area total of 0.42 mm² is comprised as follows: the DSP digitally occupies an area of 0.11 mm² (26%), PA arrays digitally occupy an area of 0.09 mm² (21%), ADC/DAC together occupy 0.07 mm² (17%), Clock/CDR occupy 0.08 mm² (19%) and Analog/RF Blocks together occupy 0.07 mm² (17%).

Ablation Study
An ablation study was conducted using a stepwise approach by disabling intended methods in order to evaluate how each one contributes to the overall system. The results can be seen in Table 2. Removing the adaptive-bias PA (and replacing it with a fixed Class AB bias) resulted in a 38% increase in PA power consumption to 171 mW, which reduces overall energy efficiency to 2.01 pJ/bit. Without implementing the pipeline retiming (using a flat data path), the DSP timing margin would have been lost, and thus 25% additional supply voltage would need to be provided to meet the 3.125 GHz clock target, raising DSP power to 90 mW (overall efficiency to 1.92 pJ/bit). Disabling background skew calibration for the TI-SAR ADC resulted in an increase in residual timing skew of 450 fs, which decreased ENOB by 1.2 bits and increased SNR required for a BER of 10−12 by 3.5 dB, therefore contributing to total analog power consumption of 15%. Furthermore, the combined effect from all three degradations resulted in an energy efficiency of 2.68 pJ/bit, reinforcing the need for holistic co-optimization.
[image: /tmp/com.gatsbi/.cache/82e45811bd5cc1d72d8f56baf979879a/img/5.png]
Figure 4. Output spectrum of the time interleaved SAR ADC demonstrating spur suppression via background timing skew calibration
[image: /tmp/com.gatsbi/.cache/82e45811bd5cc1d72d8f56baf979879a/img/6.png]
[bookmark: ablation-study]Figure 5. Phase noise comparison between injection locked ring oscillator and free running reference across frequency offsets
Table 2. Ablation Study of Proposed Techniques
	Configuration
	DSP Power (mW)
	PA Power (mW)
	ADC Power (mW)
	Total Power (mW)
	EE (pJ/bit)

	Full Proposed
	68
	124
	38
	312
	1.56

	Fixed PA bias
	68
	171
	38
	359
	1.80

	Flat DSP (no retiming)
	90
	124
	38
	334
	1.67

	No ADC skew calibration
	68
	124
	60
	334
	1.67

	None of the above (conventional)
	90
	171
	60
	403
	2.02


[bookmark: discussion-and-future-work]Discussion and Future Work
[bookmark: X3f5a58946884c28f87e715108e00b63d676f7ac]Scalability Limits and Thermal Management in Advanced Technology Nodes
As we approach newer generations (e.g., 3nm Gate-All-Around (GAA) FET and/or 2nm Complementary FET (CFET)) of advanced technology nodes, there are many opportunities and also certain challenges associated with the proposed architecture. The device intrinsic improvements with these advanced technology nodes (i.e., increase in cutoff frequency (fT) and reduction of parasitic capacitances) will allow for an increased frequency range for the operating frequency and likely decrease the dynamic power consumption of the DSP and clock distribution networks. However, further reduction of supply voltages (i.e., <0.7V) via aggressive scaling will create a fundamental tension between the requirements of the analog front-end (AFE), and those of the power amplifier (PA) array at these nodes. The adaptive-bias PA technique relies on having enough voltage headroom available to create the four distinct bias states B_i. If the voltage supply headroom is reduced, the separation between these bias states may be compressed resulting in a loss of potential improvement in PAE.
Additionally, managing the thermal issues related to the PA array becomes increasingly difficult at sub-5nm nodes. While the adaptive-bias PA technique reduces the average power dissipated (by ~27% relative to a fixed class-AB bias) as shown in the ablation study, the lateral heat spreading characteristics in very closely packed FinFET or GAA-FET structures will be poor. Due to thermal stress resulting from high temperatures within the PA electronic units (e.g., the junction temperature of the PA unit cells located near where the hottest area of PA occurs could exceed 105°C when the ambient temperature is 85°C), it could increase electromigration of metal interconnects and/or accelerate aging of materials in a way that decreases long-term reliability of transceivers. Therefore, future designs should look at adding distributed temperature sensors and a closed loop thermal management that throttles data rate or adaptive bias states based on real-time readings.
[bookmark: Xc3fbb08172d975cd876dbb0a1f98c1e751c7cb5]System-Level Integration Challenges: Packaging and Antenna Interfaces
There are many additional packaging-related challenges involved in converting a standalone RF transceiver chip into an integrated complete system-on-module (SoM). The carrier frequency of 0.4 THz corresponds to a free-space wavelength of λ_0=750μm which is similar in size to the ball grid array (BGA) package dimensions. Impedance mismatches caused by parasitic inductance and capacitance associated with wire bonds or TSVs can reduce the efficiency of the antenna's feeding mechanism. Currently, we have assumed that the transceiver will utilize an on-chip integrated antenna with a gain of 6 dBi; however, the maximum theoretical directivity of this type of antenna is limited to the die area of 0.42 mm². To achieve transmission ranges greater than 1m, we will need to continue exploring means of integrating either a lens-corrected off-chip antenna or a flip-chip mounted dielectric resonator antenna (DRA) onto the transceiver die in our future work.
An additional obstacle comes from the interface of the digital baseband with the PA array; to meet the needs of the adaptive-bias scheme, it is necessary to distribute the low-skew, low-jitter clocks across all of the 16 unit cells in the PA's array of units to provide precise switching of bias relative to the symbol boundary of each symbol. Given that there will be an 8-phase interleaving scheme at 3.125 GHz, the total clock distribution latency will be about 160 ps in each lane and any mismatch of delay between the clock trees of the various PA unit cells would cause ISI between consecutive symbols. It is possible to reduce this mismatch by using a non-uniform clock distribution tree, for example, using a H-tree hybridised with active deskew buffers; however, there will be a significant power penalty associated with having this type of deskew infrastructure. A different methodology could involve implementing the same timing skew calibration algorithm that is used for the ADC (Analog-to-Digital Converter) to perform clock distribution mismatch compensation in the PA array, thereby allowing the calibration hardware of the transmitter and receiver to be shared.
[bookmark: Xc76e6ca1643d072470ce2289f52b2e8da331484]Architectural Flexibility for Next-Generation Modulation Schemes
Currently the most widely used modulation scheme for high speed serial interfaces is PAM-4. However, as the 6G ecosystem continues to utilize multi-level quadrature amplitude modulation (QAM) schemes like 16-QAM or 64-QAM, new architecture must be flexible enough to support a large range of modulation formats. The adaptive biasing amplifier architecture was designed for, and only supports, 4 distinct bias levels which relate to the 4 different amplitude levels of PAM-4. Extending this to support 16 levels of 16-QAM (3 distinct amplitude levels but 12 phase angles at each level) is a challenge. One possible method would involve replacing the discrete LUT bias mapping with a high resolution digital word that controls both the gate bias and supply voltage for each unit cell. For instance, using a 4 bit bias word would allow for the possible creation of 16 distinct bias states, allowing for maintaining high power added efficiency (PAE) across the 16-QAM constellation.
In terms of inherent flexibility, the retimed DSP datapath has greater flexibility than its original version (the pipeline non-retimed DSP datapath). The Leiserson-Saxe retiming algorithm targets the directed graph representation of the datapath (irrespective of the actual arithmetic functions that the datapath may provide). Thus, the only requirement for replacing the Tomlinson-Harashima precoder with a multi-level QAM modulator (which requires complex multiplication and matrix operations) is for the modified application to include the appropriate graph representation of the modified application. The use of a half rate architecture with 8 phase interleaving is continued, as long as the critical path delay remains less than or equal to 320 ps after retiming. Therefore, the digital baseband will not be the limiting factor to the implementation of higher order modulations.
On the other hand, the time interleaved ADCs will be a significant barrier to the implementation of either 16-QAM or 64-QAM reception. This is due to the increasing signal to noise ratios (SNRs) and increased effective number of bits (ENOB) that will be required for these modulations. The 8-bit TI-SAR ADC installed like having a 200 GS/s bandwidth has an ENOB of about 7.5 bits and this is acceptable for PAM-4 but it could be 1 or 2 bits short for 64-QAM. If the ADC resolution was increased from 8 bits to 10 bits, the number of SAR comparisons per channel would have to be doubled and therefore the maximum bandwidth per channel will now be reduced to ½. In order to keep 10 bits at 200 GS/s, the number of channels need to be interleaved will also have to be increased from 32 lines to 64 or 128 lines which increases the problem with timing skew calibration. Future directions might explore the use of a time-interleaved pipeline architecture to achieve greater resolutions but this will result in a larger area and latency, or the use of a hybrid architecture by cascading a coarse Flash ADC with a fine SAR ADC.
[bookmark: conclusion]Conclusion
In this paper we present a 200 Gbps PAM-4 terahertz transceiver designed using 7 nm FinFET technology with an energy efficiency of 1.56 pJ/bit achieved through co-optimization of VLSI design. A discrete envelope tracking (ET) adaptive-bias power amplifier (PA) array removes the limits of continuous ET bandwidth. Pipeline retiming allows digital signal processing (DSP) operation at half rate (3.125 GHz). Background calibrated time interleaved successive approximation register (TI-SAR) analog to digital converter (ADC) provides timing skew suppression under 50 fs and injection locked ring oscillator (ILRO) based clock data recovery (CDR) achieves 180 fs jitter. The results from the ablation study show that each technique has a substantial impact on overall efficiency. The architecture provides evidence of the feasibility of terahertz communication for future 6G systems as well as the quantification of the key trade-offs between power and performance.
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