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In this paper, we present a tunable bandpass RF Sigma-Delta modulator with a fixed set of feedback DAC coefficients. The sampling frequency, fs, is tuned with the center frequency, f0, in order to maintain a fixed normalized center frequency, f0/fs. Any variation in the loop delay is compensated to maintain a fixed normalized loop-delay t d /Ts. The bandpass Sigma-Delta, reported in this paper, is based on an LC resonator with tunable center frequency from 1.5 to 3.0 GHz and a corresponding sampling frequency from 6.0 to 12.0 GHz. For an oversampling ratio of 64, the ADC achieves the same SNDR of 37 dB and the same Dynamic Range of 45 dB over the complete tuning range. This performance is achieved for a bandwith of 47 MHz at 1.5GHz and a Bandwidth of 93 MHz at 3 GHz. The ADC, fabricated in a 65 nm CMOS process, consumes only 13 mW from a 1.2 V supply. In order to compare this circuit with the state of the art, we use not only the conventional ADC Figure of Merit but we also use a Figure of Merit dedicated to RF circuits. In this case, the measured chip center frequency, noise figure and non-linearity are also taken into account in the comparison.

I. INTRODUCTION

B andpass (BP) Σ∆ modulation is a very power-efficient technique to realize RF Analog-to-Digital Converters (ADCs) [START_REF] Beilleau | A 1.3V 26mW 3.2GS/s Undersampled LC Bandpass Sigma-Delta ADC for a SDR ISM-band Receiver in 130nm CMOS[END_REF]- [START_REF] Jang | A 16-Element 4-Beam 1 GHz IF 100 MHz Bandwidth Interleaved Bit Stream Digital Beamformer in 40 nm CMOS[END_REF]. In order to cover a wide frequency range, BP Σ∆ ADCs with tunable center frequencies have been proposed [START_REF] Shibata | A DC-to-1 GHz Tunable RF ∆Σ ADC Achieving DR=74 dB and BW=150 MHz atf 0 =450 MHz Using 550 mW[END_REF]- [START_REF] Chae | A 69 dB SNDR, 25 MHz BW, 800 MS/s Continuous-Time Bandpass ∆Σ Modulator Using a Duty-Cycle-Controlled DAC for Low Power and Reconfigurability[END_REF]. One important challenge in designing a tunable BP Σ∆ ADC, shown in Fig. 1, relies in varying the modulator's feedback DAC coefficients in order to maintain the same Signal Transfer Function (STF) and Noise Transfer Function (NTF) for each center frequency, f 0 , in the complete tuning range, ∆f 0 , of the ADC. The fact that the BP Σ∆ feedback DAC coefficients have to be tuned for each center frequency has considerably complicated the modulator architecture. This resulted in a very large power consumption of 750 mW for a 1 GHz tuning range in [START_REF] Shibata | A DC-to-1 GHz Tunable RF ∆Σ ADC Achieving DR=74 dB and BW=150 MHz atf 0 =450 MHz Using 550 mW[END_REF], a rather low SNR of 40 dB with a bandwidth of 1 MHz for a 1.2 GHz tuning range in [START_REF] Gupta | A 0.8-2 GHz Fully-Integrated QPLL-Timed Direct-RF-Sampling Bandpass Σ∆ ADC in 0.13 µm CMOS[END_REF] or a very limited tuning range of 40 MHz in [START_REF] Chae | A 69 dB SNDR, 25 MHz BW, 800 MS/s Continuous-Time Bandpass ∆Σ Modulator Using a Duty-Cycle-Controlled DAC for Low Power and Reconfigurability[END_REF]. In the BP Σ∆ architecture, illustrated in Fig. 1, the sampling frequency, f s , is fixed, so any variation in the center frequency, f 0 , leads to a variation in the normalized center frequency, f 0 /f s , and subsequently in the overall STF and NTF of the Σ∆ modulator. In this case, all the Σ∆ feedback DAC coefficients have to be tuned to compensate for this f 0 /f s variation and Alhassan Sayed, Tamer Badran, Marie-Minerve Louërat and Hassan Aboushady are with Sorbonne Université, CNRS, LIP6 Laboratory, 75005 Paris, France (e-mail: alhassan.sayed@lip6.fr). Alhassan Sayed is also with Faculty of Engineering, Minia University, Egypt. Tamer Badran is on leave from Faculty of Engineering, AASTMT, Alexandria, Egypt. In this paper, we propose the tunable BP Σ∆ architecture, illustrated in Fig. 2, where the normalized center frequency, f 0 /f s , is fixed. In this case, any variation in the center frequency, f 0 , is tied to a variation in the sampling frequency, f s , in order to keep the normalized center frequency, f 0 /f s , equal to 1/4. Ideally in this case, all the Σ∆ feedback DAC coefficients can be fixed because f 0 /f s is fixed. Practically, varying the sampling frequency, f s = 1/T s , changes the normalized loop delay, t d /T s , which leads to a modification of the modulator's NTF. As illustrated in Fig. 2, in order to maintain the same NTF without tuning the feedback DAC coefficients, we propose to modify the loop delay, t d , in order to compensate for any variation in the normalized loop delay t d /T s [START_REF] Aboushady | Tunable Bandpass Sigma-Delta Modulator[END_REF]. The proposed architecture is validated through the implementation of a 2 nd order LC BP Σ∆ modulator in a 65 nm CMOS process. For an OSR of 64, the modulator achieves an SNDR of 37 dB over the entire tuning range, ∆f 0 = 1.5 GHz. This SNDR is achieved for a bandwidth BW = 47 MHz at f 0 = 1.5 GHz and for a bandwidth BW = 93 MHz at f 0 = 3.0 GHz. The fabricated chip consumes 13 mW and achieves the highest reported tuning range, ∆f 0 , and the highest reported center frequency, f 0 , for a CMOS BP Σ∆ ADC.

II. PROPOSED TUNABLE Σ∆ ADC

The proposed 2 nd order tunable BP Σ∆ modulator is illustrated in Fig. 3. The modulator is composed of an LC resonator with a tunable center frequency, f 0 , a single-bit comparator with a tunable sampling frequency, f s , a tunable loop-delay, t d , and two Non-Return-to-Zero (NRZ) feedback Finite Impulse Response Digital-to-Analog Converters (FIRDACs) with a fixed set of coefficients.

A. System-Level Design

The system level design of the proposed BP Σ∆ modulator, shown in Fig. 3, is based on the Σ∆ Discrete-Time (DT) to Continuous-Time (CT) transformation described in [START_REF] Ashry | A 4th Order 3.6GS/s RF Sigma-Delta ADC with a FoM of 1pJ/bit[END_REF]. This transformation method is used the calculate the feedback FIR-DAC coefficients. As shown in Fig. 4, the FIRDAC coefficients depend on the value of the Normalized Loop Delay, t d /T s . In order to simplify this design, we choose, t d /T s = 1.5. In this case, the number of FIRDAC coefficients is reduced to a single coefficient out of four (only m 0 has a nonzero value). The loop delay, t d , is the time difference between the risingedge of the sampling clock and the feedback DAC output. In practice, t d represents the quantizer response-time and the DAC nonzero switching time [START_REF] Cherry | Excess Loop Delay in Continuous-Time Delta-Sigma Modulators[END_REF]. In the proposed tunable BP Σ∆ modulator both the center frequency, f 0 , and the sampling frequency, f s = 1/T s , are tuned together in order to maintain a fixed normalized center frequency, f 0 /f s , equal to 1/4. Having f 0 /f s = 1/4, greatly simplifies the digital signal processing at the modulator's output [START_REF] Haghighitalab | A 2.4 GHz ISM-band Highly Digitized Receiver based on a Variable Gain LNA and a Subsampled Sigma-Delta ADC[END_REF]. For a specific circuit, it is expected that the loop delay, t d , is constant, but since the sampling period, T s , is tunable then the normalized loop delay, t d /T s will be variable. In Fig. 5, it can be seen that, a 2 nd order CT BP Σ∆ modulator designed for a Normalized loop delay of 1.5, does not suffer from SNR degradation if t d /T s is kept in the range from 1.2 to 1.7. Within this range, the SNR degradation is less than 3 dB. In the next subsection, we propose a circuit technique to control the normalized loop-delay and to maintain t d /T s within this acceptable range.

B. Circuit Design

The circuit details of the proposed BP RF Σ∆ ADC are shown in Fig. 6. The modulator is based on an LC loop filter, a single-bit quantizer and a NRZ feedback DAC. The LC filter is composed of an input transconductance, G m , and an LC tank. The input G m converts the input voltage to current enabling current summation at the feedback node. The LC tank is composed of a differential inductor, two capacitor banks and a negative transconductance, G mq . The coarse and fine capacitor bank are used to obtain a wide and high resolution tuning range.

The coarse 63-capacitor bank, C c , realized using a 440 fF Metal-Insulator-Metal (MIM) unit-capacitor, is used to obtain a wide tuning range. Another 63-capacitor bank, C f , realized using an 8 fF Metal-Oxide-Metal (MOM) unit-capacitor, is used for fine-tuning and high resolution trimming. G mq , has a programmable negative transconductance to compensate for the losses introduced by the integrated inductor and the capacitor bank. The NRZ feedback signal is realized using a current steering DAC. The comparator block is composed of a pre-amplifier followed by two Source-Coupled-Logic (SCL) latches (latch-1 and latch-2) having inverted clock signals. latches are inverted.In this case, latch-3 increases t d /T s by 0.5 and latch-4 adds another 0.5 to t d /T s . In these cases, the loop delay is defined as: t d = (N -1)T s /2 + t par , where N is the number of toggled latches and t par is the total parasitic delay due to the latch regeneration time, the inverter propagation delay and the DAC switching time. The first part of the loop delay, (N -1)T s /2, is welldefined and is equal to integer multiples of half the sampling period, T s /2. On the other hand, the second part of the loop delay t par depends on the circuit characteristics and is estimated by post-layout simulation. The normalized loop delay, t d /T s , is estimated for the complete tuning range of the sampling frequency from 6.0-to-12.0 GHz. The estimated t d /T s for each case described above is listed in Table I. The tunable delay block can be used to increase the normalized loop delay by steps of 0.5. As shown in Fig. 5, there is very little degradation in the Σ∆ performance when the normalized loop delay, t d /T s , is between 1.2 and 1.7. According to table I, these values can be achieved using the configuration for "Case 1" and "Case 2". Although "Case 3" does not seem necessary, it was implemented to allow for more flexibility and to account for any process variation. In the proposed method for loop delay tuning, only a coarse tuning by, T s /2, is possible. Although, more precise techniques may be used [START_REF] Maymandi-Nejad | A digitally programmable delay element: design and analysis[END_REF], the proposed technique has the advantage of requiring only 2 bits of configuration to cover the complete sampling frequency range from 6.0-to-12.0 GHz.

III. MEASUREMENT RESULTS

The chip was fabricated in a 65 nm CMOS technology and packaged in an 28-lead quad flat no-leads package. The chip micrograph is shown in Fig. 7. The active area is 0.3 mm 2 . Most of the active area is occupied by the inductors, and the four capacitor banks. For measurements, we used two synchronized signal generators: one generator was used for the input signal and the second generator was used as a clock for the ADC. The measured and the simulated Power Spectral Density (PSD) of the BP Σ∆ single-bit output are shown in Fig. 8. In this figure, we show the measurements and simulations for two different center frequencies, at f 0 = 1.5 GHz and at f 0 = 2.9 GHz, to validate the fact that the proposed BP Σ∆ has the same performance over the entire tuning range. The Signal-to-Noise and Distortion Ratio (SNDR) versus input power is also measured at the same two center frequencies and the results are shown in Fig. 9. As expected from simulation results, the ADC achieves an SNDR of 37 dB and a DR of 45 dB for an OSR of 64 over the complete tuning range, ∆f 0 . Note that in these measurements and simulations the normalized center frequency, f 0 /f s is always fixed to 1/4. The variation of the SNDR and DR with respect to the OSR has also been studied. For OSR values higher than 64, the Fig. 8: Measured PSD at the output of the BP Σ∆ ADC. Fig. 9: Measured SNDR and DR at center frequencies of 1.5 GHz and 2.9 GHz for OSRs of 64 and 1024. thermal-noise is dominant and the noise-floor is relatively flat within the band-of-interest. In this case, each doubling of the OSR results in a 3 dB increase in SNDR. On the other hand, for OSRs lower than 64, the noise-shaped quantization-noise is dominant and dividing the OSR by two results in a 9 dB degradation of the SNDR. Fig. 9 also shows that the ADC achieves an SNDR of 51 dB and a DR of 59 dB for an OSR of 1024 over the complete tuning range. In order to evaluate the linearity of the BP Σ∆, an IQ vector signal generator was used to generate a two-tone input signal with a power of -30 dBm around 1.5 GHz with a frequency spacing, ∆f in , of 1 MHz. In this case, the Σ∆ output PSD is shown in Fig. 10(a). The normalized third intermodulation distortion, IM 3 , is -66 dBc. In Fig. 10(b), it is shown that the ADC achieves an IIP 3 of +5 dBm and a Spurious-Free-Dynamic-Range (SFDR) of 45 dB in a bandwidth of 47 MHz. Due to the lack of the appropriate measurement equipment, it was not possible to perform a 2-tone test at 2.9 GHz. It is worth noting however, that the measured IM 3 at 1.5 GHz is only 2 dB below postlayout simulations. We can then assume that we have the same linearity performance over the complete tuning range as predicted by post-layout simulations. The measurement results presented in Fig. 8, Fig. 9 and Fig. 10 have been obtained using the following configurations: -Case 2 of Table I for f 0 = 1.5 GHz and f s = 6.0 GHz.

-Case 1 of Table I for f 0 = 2.9 GHz and f s = 11.6 GHz. In Table II, the performance of the proposed BP Σ∆ ADC is compared to recently published tunable and non-tunable RF BP Σ∆ ADCs. We notice that the proposed circuit achieves the highest center frequency, f 0 = 3.0 GHz, and the widest tuning range, ∆f 0 . These performances are achieved with the lowest power consumption of 13 mW. In order to compare the different implementations we used the widely used Figure of Merit, F oM ADC , for high speed ADCs [START_REF] Ali | A 16-bit 250-MS/s IF Sampling Pipelined ADC With Background Calibration[END_REF]:

F oM ADC (dB) = SN DR + 10log BW P (1) 
where, BW , is the ADC bandwidth and, P , its power consumption. Unfortunately, F oM ADC , does not take into account neither the center frequency, f 0 , nor the frequency tuning range, ∆ f , of the ADC. In fact, the SNDR, in equation (1), does not really evaluate the circuit's linearity since, in the case of RF BP Σ∆ ADCs, all the harmonics of the input signal are located outside the band of interest. Furthermore, F oM ADC does not consider many important aspects in RF circuits like The Gain for all ADCs is assumed to be equal to one.

F oM RF (kHz) = Gain 1 IIP 3 f 0 (kHz) (F - 
sensitivity and Noise Figure.

In order to give credit to RF BP Σ∆ ADCs achieving a high center frequency and a high linearity, we propose to use a Figure of Merit used to evaluate RF circuits [START_REF] Brederlow | A Mixed-Signal Design Roadmap[END_REF]:

F oM RF (kHz) = Gain IIP 3 f 0 (kHz) (F -1) P (2) 
where we assume that the Gain in ADCs is equal to one, IIP 3 is the third order intercept point in mW, F is the noise factor and P the power consumption in mW. In case, the center frequency, f 0 , is given in kHz, F oM RF will also be in kHz. Note that we do not propose to substitute F oM ADC by F oM RF for RF BP Σ∆ ADCs but rather to consider the two FoMs in order to give credit to f 0 and IIP 3 along with the BW . As reported in table II, the proposed tunable RF bandpass Σ∆ ADC achieves the best F oM RF thanks to its very high center frequency and its high IIP 3 compared to the state of the art. Note also that the proposed ADC achieves the widest tuning range, ∆f 0 = 1.5 GHz.

IV. CONCLUSION

In this paper, a tunable BP LC Σ∆ ADC is presented. The 1-bit Σ∆ modulator has a fixed set of coefficients on the complete tuning range thanks to fixing the normalized center frequency, f s /f 0 , to 1/4. The normalized loop delay, t d /T s is also kept constant on the entire tuning range by adding a tunable delay in the Σ∆ loop. The circuit, fabricated in a 65 nm CMOS, achieves 37 dB of SNDR and +5 dBm of IIP 3 for an OSR of 64. The same performance is measured on the complete tuning range. In addition to the conventional F oM ADC , the performance of the measured chip is compared with F oM RF , a Figure of Merit, dedicated to RF circuits which takes into account f 0 and IIP 3 . Compared to the state of the art, the proposed BP Σ∆ ADC achieves the highest center frequency of 3.0 GHz and the widest tuning range of 1.5 GHz while consuming only 13 mW.

Fig. 1 :Fig. 2 :

 12 Fig.1:A tunable bandpass Σ∆ ADC having a variable normalized center-frequency, f 0 /f s . All Feedback DAC coefficients have to be tuned with f 0 .
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 4 Fig. 4: The FIRDAC coefficients (m 0 , m 1 , c 0 and c 1 ) in function of the Normalized Loop Delay, t d /T s .
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 5 Fig. 5: Post-layout simulation results of maximum SNR versus Normalized Loop Delay, t d /T s .
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 6 Fig. 6: Circuit details of the proposed tunable BP Σ∆ ADC.
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 10 Fig. 10: (a) Measured output spectrum for a 2-tone test signal with ∆f 0 = 1 MHz. (b) IIP 3 and SFDR measured using 2-tone test signals with different input power.

TABLE I :

 I Estimated Normalized Loop Delay, t d /T s , at each sampling frequency and for each configuration case of the tunable delay. t d /T s values which do not cause SNR degradation are indicated in bold.

		Normalized loop delay, t d /Ts
	Sampling Frequency, fs	Case 1 Case 2	Case 3
	6.0 GHz	1.1	1.6	2.1
	7.0 GHz	1.2	1.7	2.2
	8.0 GHz	1.3	1.8	2.3
	9.0 GHz	1.4	1.9	2.4
	10.0 GHz	1.5	2.0	2.5
	11.0 GHz	1.6	2.1	2.6
	12.0 GHz	1.7	2.2	2.7
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