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The D-band (110-170GHz) is intended to provide tens of GHz bandwidth for beyond 5G very high data rate communications. The huge available band is split into multiple aggregated sub-bands. Managing such a number of bands is difficult using conventional heterodyne receiver. A different approach is proposed here relying on analogue projection in wavelet basis. In this paper, the signal projection in the Walsh/Hadamard domain is considered. The paper shows that the projection of aggregated channels into the parallelized Walsh analog architecture can relax the bandwidth constrains and the resolution of A/D conversion. The proposed architecture is deeply reconfigurable, allowing some AI to adjust the receiver for either communication purposes or spectrum sensing.

I. INTRODUCTION

Unmanned Aerial and Surface Vehicle and robots should rapidly grow in the next decade. The trend is to use more and more robots in industries, and autonomous vehicle for the transportation of goods and humans. To operate autonomously and in a collaborative manner, they will need to sense their environment and communicate wirelessly, exchanging huge amount of data in many communication channels. In the meantime, the number and density of connection may be important, aggregating more than 10Gbps in a cell. Such data rates can only be achieved using the wide bandwidth available at millimeter wave and sub-THz frequencies. Especially in D-band, where more than 30GHz and 100 channels can be aggregated for this purpose.

Small robot cannot afford the complexity of phase array antenna and pencil beam steering to achieve the budget link of direct communications at those frequencies. A small cell network topology is then envisaged, with access points able to manage tens to hundreds of high data rate simultaneous connections within the cell. As a result, the access point shall be able to sense its environment, manage the communication channels and avoid or mitigate interfering signals. To tackle this challenge, the current approach relies on carrier aggregation and channel bonding techniques [START_REF] Hamani | A D-Band Multichannel TX System-in-Package Achieving 84.48 Gb/s With 64-QAM Based on 45-nm CMOS and Low-Cost PCB Technology[END_REF][START_REF] Pang | A 50.1-Gb/s 60-GHz CMOS Transceiver for IEEE 802.11ay With Calibration of LO Feedthrough and I/Q Imbalance[END_REF] in order to reduce single channel bandwidth and relax the requirements for the conversion stage between the analog RF Front-End and the baseband processor. This approach implies complex multi-tone frequency synthesis and high degree of reconfigurability. Alternatively, IF conversion and wideband sampling allows to convert the full band in digital. Such a receiver push the major constrains on the ADCs, that would require >10GHz sampling frequency and high resolution to manage potential near-far effects with blocker signals. As a result, the wideband sampling often leads to significant and sometimes unacceptable power consumption. As an alternative, we assess in this paper a parallelized architecture based on the analog projection on the Walsh-Hadamard basis. The analog mixing with the orthogonal Walsh sequences push the signal into an alternative signal representation basis before conversion in digital domain. The parallelization reduces the sampling rate, while the Walsh projection ease the management of the strong interferers without increasing the ADC resolution. This architecture is fully described in chapter II and evaluated by simulation in chapter IV. 

II. WALSH RECEIVER ARCHITECTURE

A. The Walsh Transform

Like the Fourier Transform, the Walsh transform performs an orthogonal, symmetric and linear operation on a given signal x(t). It decomposes the signal vector into a linear combination of Walsh sequences Wi. Since the Walsh basis is composed of real rectangular sequences, the Walsh transform can be processed in the analog domain. The process is reversible, meaning that the Walsh coefficients can be used to reconstruct the signal in the time or frequency domain. The Walsh sequence is composed of N binary levels. The signal is projected in the Walsh domain by a mixing with the Walsh sequence Wi and integration over a period Trefresh. The expression of this projection is given below.

The relation between the maximum frequency of the Walsh sequence Fwalsh and Frefresh is given by Frefresh=2FWalsh/N (1)

B. Sequence ordering

The same orthogonal sequences can be ordered through either Walsh or Hadamard ordering (Fig. 2). Both matrix are symmetrical meaning that they can be diagonalized by an orthogonal matrix.

C. Walsh receiver architecture

The overview of the whole Walsh-Rx is depicted in Fig. 1. It covers the mathematical Walsh projection and filtering, and ends up with the ADCs. In previous work reported in [START_REF] Sadhu | Analysis and Design of a 5 GS/s Analog Charge-Domain FFT for an SDR Front-End in 65 nm CMOS[END_REF] the authors aim at applying analog Fourier Transform. However, many constraints are pushed onto the receiver Sample and Hold (S/H) that must sample at twice the band to process. On the other side, an alternative solution reported in the literature [START_REF] Pelissier | Non-Uniform Wavelet Sampling for RF Analog-to-Information Conversion[END_REF] performs an analog signal projection into an analog Morlet wavelet basis for compressed sensing acquisition purposes. From this approach, the proposed architecture mix a pre-analog processing for the sake of S/H constraints reduction especially on its bandwidth. The received signal is first low noise amplified and then downconverter to intermediate frequency before feeding the analog Walsh receiver. D. Analog Processing of walsh coefficient 1) Walsh domain analog filtering Once projected on the orthogonal basis, the received signal information is carried on many orthogonal branches, that may ease the digital processing (lowest frequency of operation) and brings processing gain. Deep learning technics can be used to adjust the Walsh analog receiver (channel sensing, gain control, channel filtering, etc.) and demodulate the signal information. Moreover, according to [START_REF] Zarowski | Spectral filtering using the fast Walsh transform[END_REF], spectral filtering can be transposed into the Walsh domain. Filter coefficients are first defined in the Fourier domain as spectrum mask Gf. Then coefficients are derived into the Walsh domain using the following transformation.

GW=W -1 F -1 GfFW ( 2 
)
Where F is the NxN Fourier matrix defined by Fn,m=e j2πnm/N . Gf is the NxN diagonal matrix with mask coefficients sampled at Frefresh resolution. The same transformation can be done with the Hadamard matrix. The sequence ordering is important in that case, since it change the number of nonnull coefficients and the simplicity of implementation.

GH=H -1 F -1 GfFH (3)
Besides, the filter coefficient matrix in the Hadamard matrix is bloc-diagonal, which ease its hardware implementation.

Applying the Walsh-filter allows to reduce the dynamic range that ADC will have to handle in presence of interfering signal. In addition, it exhibits interesting advantages in terms of system versatility and reconfigurability.

2) Automatic gain control The gain needs to be adjusted function of the receiver input signal power. More often the strategy is adjust the signal strength before A/D conversion in order to limit the resolution of the ADC. In the Walsh architecture, the receiver gain can be controlled globally on every branches or adjusted by branch, assuming that the dual operation (gain inversion) in carried out in the digital domain. The second option gives better results whenever the projection of the interferer on the Walsh domain activates different coefficients than the one from useful channels, allowing reducing the A/D resolution, even without filter.

E. Analog to digital conversion

The analog Walsh coefficients are sampled at Frefresh, hold and converted into digital coefficients. The number of parallel branches is chosen as the best trade-off between filtering capability and ADC conversion efficiency. Indeed according to the State of the Art from the Fig. 7, the ADC FoM at 150MHz is around 5fJ per conversion step, meaning less than 0.75mW per ADC and 48mW for the 64 ADCs. As a comparison the FoM of a wideband ADC operating at 10GHz would raise to roughly 500fJ/conv, which translates into 5W

F. Digital processing of coefficient in walsh domain

The parallel Walsh coefficient stream feed the digital receiver, which operates at Frefresh sampling frequency on each branch. At that point the signal may be easily reconstructed in either time or frequency domain. The coefficients can also be processed directly into the Walsh domain, as deep learning algorithms may learn and decode the modulated data channels as Walsh series. AI may schedule efficiently the spectrum, estimate the channel, and process the data while mitigating multi-user small cell interference.

III. SCENARIO AND HYPOTHESIS

We consider 50MHz channels for communication between robots/unmanned vehicles and access point at uplink. In the considered scenario, the access point receives four signals of interest, that fall between zero and 5GHz after down conversion and one strong blocker close to the receiver (Fig. 3). For simulation and analysis, we have taken the OFDM waveform from 5G-NR FR2 standard (ETSI TS138104), transposed in the D-band. The scenario and waveform parameters are detailed in Table 1. This scenario assess the receiver ability to pick and demodulate a few channels of interest within a wideband spectrum in the presence of stronger (+26dB) blocker. The band to be treated (BW_RF) shall fit into the Walsh basis, i.e: FWalsh≥BW_RF.

The choice of a value for N translates into a trade-off between system complexity and conversion block sampling rate speed. For an optimum conversion efficiency (Fig. 7), a sampling rate below 200MHz is required. We propose N=64 branches and hence (from (1)) Frefresh=156.25MHz for the integrator and S/H frequency.

IV. SIMULATION RESULTS

A. Walsh projection

The projection of the multi-channel signal on the Walsh sequences generates harmonics at odd multiples of their frequencies. In an ideal case, the orthogonal property of the sequences is enough to process, isolate and reconstruct the different channels after analog to digital conversion. In practical implementation, the receiver impairments may alter the orthogonality, i.e. interferers and other channels may overlap or fold into each other's.

B. Spectrum sensing

The full spectrum can be reconstructed after the digital conversion to identify the useful channels and interferers and their position. Alternatively, the statistics of the Walsh coefficients associated with deep learning technics can give information about the presence of signals.

C. Dynamic reduction

The filter mask (Fig. 4) is built in the Fourier basis with Frefresh resolution from the identified spectrum scene. The filter is symmetric for real coefficients. Its equivalent image matrix in the Walsh basis with Hadamard ordering (3) are illustrated in Fig. 5. The total number of non-null coefficients in the bloc-diagonal matrix is 684. However if the filter is quantized, then the total number of non-null coefficients can be significantly reduced. The Walsh coefficient amplitude per branch is reduced when using filter, as illustrated in the Fig. 6. The filter succeed in limiting the extra dynamic of the interferer (mainly on branches 3, 4, 35, 36). The thermal noise generated in the first stages of the receiver (LNA, mixer) is incoherently averaged during the reconstruction process.

2) Limited analog bandwidth The band limitation destroys the orthogonality of the Walsh projection, creating images of the channels every Frefresh during the reconstruction. Function of the aliasing of the interferer and channels, these replicas degrade differently the different channels. The simulation shows little EVM degradation for cut-off frequency higher than the RF_BW. This means that the complete analog receiver shall handle the RF_BW bandwidth up to the S/H.

3) Walsh sequences rise/fall time The Walsh sequences have non-null rise/fall time, affecting the orthogonality of the projection. This is modelled by a low pass RC filter, whose time constant τ=RC and bandwidth can be linked with 20-80% rising/falling time as: tr20-80%=τ.ln(0.8/0.2) and BW-3dB=ln(0.4)/(2πtr20-80%). The rise/fall time induces spurs in the reconstructed signal spectrum. The 20-80% rising/falling time shall stay below 40ps to preserve the EVM. This result corresponds to a bandwidth greater than 5GHz that is in agreement with the bandwidth requirement.

4) Walsh sequences phase noise and jitter We applied a PLL phase noise model to the clock generating the Walsh sequence. The model is composed from a 1/f² correlated phase noise filtered by a second order PLL filter with 50 kHz cut-off frequency. This phase noise draw is applied to all the branches. A second source of white phase noise is added with different random draws to the branches corresponding to buffers in the clock tree. The phase noise floor spreads the interferer all over the spectrum while the 1/f² phase noise tends to degrade the orthogonality of the projection. Both contributes to the EVM degradation. According to the simulation results for the considered scenario, the phase noise requirement for the 10GHz clock may be set at -110dBc/Hz @ 1MHz and -140dBc/Hz phase noise floor.

5) Delay between the Walsh sequences

The time coherency between sequences during the mixing is important to keep the orthogonality of the projection. A time delay difference below 10 ps shall be obtained by design to prevent the folding of interferer into the useful channels.

6) Mixers gain imbalance

The gain imbalance between branches also introduces loss of orthogonality in the Walsh projection and generates signal replicas in the reconstructed spectrum. The gain imbalance shall stay below 12% (1dB).

7) A/D converter resolution

The A/D quantization is degraded by the presence of interferer. More than 10-bit resolution is then necessary to handle its extra dynamic range (+26dB), assuming OFDM 64QAM modulation. The Walsh filtering reduces the projected signal dynamic before A/D conversion. The limited number of branches and filter shapes brings little reduction of the dynamic range (to 8-9 bits). The per branch Automatic Gain Control allows limiting the ADC resolution to 6-7 bits in our scenario. V. CONCLUSION AND DISCUSSION

The Walsh receiver architecture allows reducing the requirement on the A/D conversion (resolution and sampling rate), mitigating the impact of strong interferers. Indeed the 64 branches receiver gives optimum ADC performance regarding the conversion efficiency. This reduction of dynamic is obtained thanks either to filtering in the Walsh domain or Automatic Gain Control per branch. Moreover the Walsh projection and reconstruction brings processing gain (by averaging the thermal noise), which is proportional to the number of path. On the negative side, the receiver implementation seems challenging. The projection stage should handle the RF bandwidth and should guarantee the orthogonality of the projection by balancing gains, and keep optimal timings. It remains also some challenges especially on the generation of digital high speed sequences and analog coefficient processing in Walsh domain.

Fig. 1 :

 1 Fig. 1: D-band Walsh receiver architecture

Fig. 2 :

 2 Fig. 2: orthogonal sequences though the Walsh (right) or Hadamard (left) ordering, white=-1 and black=+1

Fig. 3 Fig. 4 :

 34 Fig. 3: considered spectrum scenario

Figure 5 :

 5 Figure 5: Walsh-filter coefficients in block-diagonal matrix GH

Fig. 7 :
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