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This paper presents a 6.4 GHz 3rd order continuoustime lowpass Sigma-Delta ADC in a 28nm FDSOI process. The ADC achieves 76 dB dynamic range in a 100 MHz bandwidth and consuming only 11.5 mW from a 1 V supply. The loop filter uses a feedforward multistage op-amp which uses body-bias to enhance performance without increasing power consumption. The ADC has a Figure of Merit of 175.4 dB and occupies an area of only 0.0134 mm 2 .

I. INTRODUCTION

Emerging of high-speed mobile standards like 5G and WiFi have put stringent requirements on the Analog-to-Digital converters (ADC) used in their receivers. A signal bandwidth of more than 100-MHz and a dynamic range exceeding 70 dB are required [1]. Continuous-Time Sigma-Delta (CTSD) ADCs, both lowpass and bandpass, have been favored due to their low power consumption and their inherent anti-aliasing filter. Most CTSD tend to achieve the pre-mentioned requirements by increasing the quantization level and using low oversampling ratios [1], [START_REF] Tan | A 5 GHz CT ∆Σ ADC with 250 MHz Signal Bandwidth in 28 nm-FDSOI CMOS[END_REF]. This approach can achieve a high Signal-to-Noise Ratio (SNR) with a relatively low sampling frequency, but a Dynamic Element Matching (DEM) technique is needed to linearize the multi-bit feedback DAC. Single-bit Σ∆ ADCs have the advantage of high linearity and simplicity when compared to multi-bit Σ∆ ADCs. In order to achieve a large Dynamic Range (DR), a high Over Sampling Ratio (OSR) is needed which puts stringent requirements on the loop-delay. This is particularly true in lowpass CTSD ADCs where the loop-delay should be less than 1 sampling period, T s [3]. Using a single-bit quantizer with high OSR will need careful system design and topology selection of each block to achieve a high DR at low-power consumption. When the sampling frequency reaches several GHz, both the quantizer and the op-amp become the system bottleneck, the quantizer due to its speed and delay requirements, and the op-amp due to its high gain and large gain bandwidth (GBW) which usually result in large power consumption.

In this paper, we present a 6.4 GHz 3rd order continuoustime lowpass sigma-delta ADC in a 28nm FDSOI process. A unique feature of the 28nm FD-SOI technology is the ability to The paper is organized as follows: Section II describes the system modeling. Section III shows the circuit level of each block in the system. Section IV presents the simulation results. Finally, the conclusion is given in section V.

II. SYSTEM MODELING

The targeted system requires a BW of 100 MHz and a DR greater than 70 dB, so a 3rd order CTSD ADC is chosen with single-bit quantizer operating at 6.4 GHz to achieve OSR of 32. A feed-forward architecture, shown in Fig. 1, is favored over feedback to decrease the quantizer loading and to achieve a loop delay of 1 Ts. The system coefficients are based on the discrete-time to continuous-time transformation described in [START_REF] Aboushady | Systematic approach for discretetime to continuous-time transformation of Sigma-Delta modulators[END_REF]. The coefficients are then scaled to allow a reasonable swing at the output of each integrator. In order to determine the minimum op-amp DC-gain, the Σ∆ modulator is simulated using an integrator model with a first-order model for the opamp. First, a model with a finite DC-gain and an infinite BW for the op-amp is used. As shown in Fig. 2 Finally DC-offset of the op-amp is swept from 0 to 150-mV using infinite DC-gain and BW to test the effect of offset on SNR, Fig. 3 shows that the ADC can handle DC-offset up to 50-mV.

III. CIRCUIT LEVEL

In this section, we present the circuit-level design of the different blocks of the 3rd order feedforward Σ∆ illustrated in Fig. 1.

A. Loop Filter

The loop-filter integrators are based on multistage op-amps. Feed-forward multistage op-amps have been favored in CTSD ADCs over miller op-amps, as they have two paths as shown in Fig. 4. One path for high gain, Gm1 -Gm2, and the other path for speed, Gm1', while miller op-amps have complex settling behavior due to miller capacitor [3].

The FDSOI technology allows continuous body biasing to tune the transistor's threshold voltage. For NMOS transistors, the threshold voltage can be approximated to

V T ≈ V T 0 -0.129V BGN (1)
where V BGN is the body-bias voltage and V T 0 is the threshold voltage when V BGN = 0 [START_REF] Shopov | A 3 × 60 Gb/s Transmitter/Repeater Front-End With 4[END_REF]. 

B. Comparator and DACs

At 6.4 GHz sampling frequency, the comparator becomes the design bottleneck in terms of both power and performance. Current mode logic (CML) comparators have the advantage of high-speed operation as in [START_REF] Sayed | A 1.5-to-3.0 GHz Tunable RF Sigma-Delta ADC With a Fixed Set of Coefficients and a Programmable Loop Delay[END_REF] where it was able to work with 12 GHz sampling frequency, but this speed comes with the penalty of high-power consumption plus the need for an extra CML to CMOS circuit. Therefore the CML option is not a favored option in the targeted system. Fig. 8 shows a CMOS comparator using the feedforward path [START_REF] Ramkaj | A 13.5-Gb/s 5-mV-Sensitivity 26[END_REF]. This design is able to achieve the required speed with low parasitic delay.

Using single bit quantizer/comparator has the advantage of simplicity and high linearity for the op-amps but it suffers high sensitivity to metastability causing signal dependent jitter in the DACs. This problem can be fixed by adding a re-timing circuit, a latch or a flipflop, after the comparator. In this case, the parasitic delay of the comparator must be less than 1 Ts so that the total delay of comparator and latch does not exceed 1 Ts. Fig. 9 shows the eye diagrams of the comparator output before and after the latch. It is obvious that the metastability is significantly improved after the latch. Fig. 10 shows the DAC topology. Since the output of the comparator is CMOS (rail to rail), it would have been 

IV. SIMULATION RESULTS

Fig. 11 shows the layout of the complete Σ∆ modulator. It occupies only 127um x 76um, the post layout simulations are shown Fig. 12 and Fig. 13. The output Power Spectral Density is shown in Fig. 12 and the SNR versus input signal amplitude is shown in Fig. 13. The Σ∆ modulator achieves a maximum SNR of 62 dB while consuming only 11.5 mW. The power consumption breakdown is shown in Fig. 14. The proposed ADC is able to achieve DR of 76 dB which is greater than the required DR of 70 dB.

Table I shows comparison results with recent publications, it can be seen that the proposed ADC has the lowest power consumption while operating at the highest sampling frequency 
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 1 Fig. 1: The 3rd order Continuous-Time Σ∆ architecture.
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 23 Fig. 2: The maximum SNR versus the op-amp DC-gain with an infinite BW model (Top). The maximum SNR versus the normalized unity-gain frequency with a finite DC-gain of 40 dB (Bottom).
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 45 Fig. 4: The 2-stage feedforward op-amp block diagram.
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 67 Fig. 6: Frequency response of the conventional (black) and the proposed (red) 2-stage feedforward op-amps.
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 8 Fig. 8: The comparator topology with a feedforward path.
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 910 Fig. 9: Eye diagrams of the comparator output: (a) before latch (b) after latch
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 11 Fig. 11: The complete layout of the 3rd order Σ∆ modulator.
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 12 Fig. 12: Output Power Spectral Density (Post-Layout Simulations).
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 13 Fig. 13: SNR versus input signal power (Post-Layout Simulations).
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 14 Fig. 14: Power consumption breakdown.

TABLE I :

 I Comparison with the state of the art. FoM=DR+10log 10 (BW/Power).

		[1]	[2]	[11]	[12]	This Work
	Order	4	4	4	3	3
	Quantizer bits	6	4	4	4	1
	Technology (nm)	28	28 FDSOI	40	40	28 FDSOI
	Fs (GHz)	2	5	2.4	3.2	6.4
	BW (MHz)	100	250	75	75	100
	VDD (V)	1.1/1.5	1/1.8	1.1/1.8	1.1	1
	Power (mW)	16.3	232	27	22.8	11.5
	SNR (dB)	72.6	73.1	68.1	66.8	62
	DR (dB)	76.3	81.5	70	67.8	76
	FoM a (dB)	173.8	171.8 b	164.4	163	175.4 b
	a					

b Post Layout Results.