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 8 
Abstract: Soft-Core architecture for Analogue to Digital Converter (ADC) sampling 9 
is useful for mixed signal applications. Soft-core architecture for cutting edge odd or 10 
even ADC sampling with interface to block RAM memory has not been found. 11 
Soft-core architecture as a concept has become popular due to the advantage of 12 
customization for different applications as compared to general-core architecture 13 
suited for single application. The latest generation of piecewise sampling is odd 14 
sampling and was introduced in the second decade of the 20th century. Odd and 15 
even order sampling techniques are analogue in nature driven by a tuned (tuned for 16 
odd or even) mixer. This paper proposes a third-generation piecewise sampling with 17 
soft-core architecture that enables an option to select both odd and even while 18 
interfacing to memory mapping. The proposed odd/even has superior SNR 19 
performance of 6 dB as compared to existing architecture such as Mod-∆ which 20 
recorded worst performance of 18 dB. Advances in soft-core technology have allowed a 21 
niche odd/even switching field to be identified and studied, the study has also been 22 
extended to include memory architecture.  23 

Keywords: Soft-Core Architecture, System on Chip (SoC), Radio Frequency System 24 

on Chip (RFSoC), Adaptive Compute Acceleration Platform (ACAP), Scalar 25 

Processing, Vector Processing, I/Q demodulator, Odd Order Sampling, Even Order 26 

Sampling, Analogue to Digital Converter (ADC)  27 

1. Introduction 28 

A new soft-core architecture that allows automatic switching between odd and even sampling 29 
with direct efficient memory interface was designed and tested in Matlab. The methodology used to 30 
investigate performance parameters of the soft-core architecture was through an empirical 31 
experimental study. Empirical experimental study involved a new mathematical model 32 
development for odd or even sampling with memory mapping architecture, the performance of the 33 
model was tested using Matlab and laboratory experimental setups.  Performance parameters that 34 
were improved were sample frequency and memory size optimization, the sample frequency was 35 
halved while memory size was optimization from 512 bytes to 256 bytes without changing the 36 
design parameters for I/Q demodulator and ADC. Findings from this study can lead to adaptation of 37 
soft-core architecture for odd/even sampling to Radar and Electronic Warfare (REW) mixed signal 38 
applications.    39 

A. Analog to Digital Converter (ADC) Digital Formation Problem 40 

In Electronic Warfare (EW) mixed signal processing have become normal processing techniques 41 
where analogue Radar is sampled to digital using ADC’s. Pulse doppler Radar techniques such as 42 
Frequency Modulated Continuous Wave (FMCW) and Linear Frequency Modulation (FM) with 43 
variant frequency introduces the problem of digital formation of I/Q signal in the EW segment [1].  44 
 45 
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During digital formation process several factors such as sample frequency, the number of bits 46 
produced and mean squared error distortion between input and digitally reconstructed signal. A 47 
novel even order sampling I/Q demodulator date back as far as [2] and was later followed by the 48 
development of odd order sampling I/Q demodulator as recent as [1]. Odd order I/Q demodulator 49 
which is derived from even order I/Q demodulator, is characterized by linear phase/frequency 50 
relation. Such a signal attributes help relieve complexities in digital formation such as samples 51 
produced per second and distortion error of for wide bandwidth I/Q signals [1, 2].  52 

 53 
I. Moshkin, A Nikolaev and N. Nikitin et al [3] studies complexity dynamic range related to the 54 

number of bits produced through quantization resolution while exploring phase. Several 55 
measurements error performances with different resolutions were conducted phase, 1-bit 56 
quantization showed the worst phase error performance. To reduce the number of bits produced by 57 
the ADC, dynamic range quantization encoder digital architecture design is presented in [4]. 58 
Number of bits produced introduce a sample storage capacity complexity, sample storage capacity is 59 
addressed by the design of sample and hold circuit with the purpose to extend the input signal range 60 
which allows for higher input voltages to be tolerated [5], [6] is also addressing similar issue but 61 
using NI Multisim simulation tool.  62 

 63 
Advances in solutions that address digital formation has led to development of design and 64 

development of CMOS technology prototypes [7, 8, 9, 10, 11, 12]. To optimize dynamic range O 65 
Ordentlich, G Tabak, PK Hanumolu, AC Singer, and GW Wornell at el [13] introduces the idea of 66 
modulo ADC which reduces the dynamic range of the input signal, this technique allows 5 volts 67 
signal to be processed as 2.5 volts for a modulo 2 and processed as 1.5 volts for a modulo 4 68 
implementations. A second order delta-sigma implementation is introduced in [14], block 69 
architecture is like that of first order delta-sigma design with a difference of a second order 70 
integrator before the quantization step.  A high-performance DAC approximated ADC architecture 71 
for Synthetic Aperture Radar (SAR), the only architecture advance is the switch mode which allows 72 
switch between positive and negative quantitation [15, 16].  73 

 74 
To address dynamic range quantization inefficiencies a low bit error encoder is designed and 75 

tested using CMOS technology [17].  The different approach to the design that addresses dynamic 76 
range resolution, [18] aim to increase the dynamic range by using the advantage of capacitance 77 
charging capabilities. The capacitance act as a sample and hold stage after the quantizer thus 78 
allowing them to maintain high resolution digital signal. [19] achieve the same designs but at low 79 
power. Different digital conversion technologies were evaluated towards the design of a PID 80 
controller [20], for digital control the ADC stage is very important and maintaining a high-quality 81 
control feedback signal in most case becomes a matter of life and death. Just like in [18] and [19] in 82 
SAR imagery high resolution signal as always, the target and [21] is trying to achieve the same 83 
objective with 1 bit/multi-level quantization stage.  84 

B. Artificial Neural Network Analog to Digital Converter (ADC) Models 85 

A 3-stage neural network nonlinear ADC was designed and implemented in Matlab Simulink 86 
in [22], 16-bit quantization high resolution was demonstrated in the simulation results. A design like 87 
[22] is presented in [23] but it is not clear whether its linear or non-linear. Analog-to-Digital 88 
Converter acceleration using deep learning activation function, the function circuitry caters for both 89 
under sampling and oversampling [24]. 90 

C. Electronic Warfare (EW) Signal Processing 91 

In EW processing the ADC stage is usually followed by enveloped detector stage a 92 
mathematical model coherent envelope detector for ambient backscatter is presented [25]. Dynamic 93 
range quantization bit resolution complexities are corrected by using the envelope detector stage 94 
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[26]. Glow plasma is used to detect electromagnetic wave, full digital RF chain is also implemented 95 
[27].  96 

 97 
After the envelope detector usually phase or frequency detector stage follows. Phase detector 98 

with feedforward noise cancellation architecture, which uses sub-sampling for phase noise detection 99 
[28]. To implement an XOR phase detector an FPGA architecture was design and implemented in 100 
[29]. Digital phase locked loop for Internet-of-Things application is presented [30]. Like [30] a 101 
sampling phase detector with ultra-low phase noise is design for microwave synthesizers 102 
applications [31].  Simple Bang Band phase detector with 1-bit third-order single feedback loop 103 
delta-sigma ADC pre-processing stage for FMCW wave synthesis [32].   Like [31] a pulse 104 
phase-frequency detector for high-speed frequency synthesizers applications [33]. A capacitive 105 
power sensor is used to design a large dynamic range phase detector [34]. 106 

D. Adaptive Compute Acceleration Platform (ACAP) 107 

For decade Xilinx has been working towards a fully programmable heterogeneous computing 108 
platform with Scalar and Vector Processing units optimized for Artificial Intelligence (AI) plus 109 
Digital Signal Processing (DSP) [35].  Such a platform is presented as System on Chip ACAP with 110 
Scalar processing being implemented on two ARM CPU’s, one of these runs a LINUX operating 111 
system. The ACAP with Vector processing being implemented on GPU optimized for AI, and digital 112 
logic fabric optimized for DSP. The ACAP also has adaptable hardware suitable for custom 113 
input-output interface and custom memory design. 114 
 115 

This paper contributes to the body of knowledge of Signal Processing in a niche field of 116 
Electronic Warfare mixed signal processing through the following contributions:  117 

1. An introduction of mathematical model for odd/even sampling with memory 118 
considerations.  119 

2. A simulation performance investigation of the novel odd/even order sampling.   120 
3. An empirical experimental sampling frequency and memory performance investigation of 121 

the novel odd/even order sampling I/Q demodulator.  122 
4. A Field Programmable Gate Array (FPGA) implementation of the novel odd/even 123 

sampling architecture. The paper is arranged as follow:  124 
Section II presented the proposed architecture, Section III dives straight to the derivation of 125 

mathematical model of the proposed odd/even order sampling I/Q demodulator with memory 126 
considerations, and later presents the complete mathematical form of odd/even order sampling I/Q 127 
demodulator with memory considerations. Section IV develops a simulation model to investigate 128 
the performance of the proposed odd/even order sampling ADC to that of first order Delta-Sigma 129 
ADC. Section V develops an experimental setup with results using hardware I/Q demodulator with 130 
an aim to investigate the performance of sample frequency and memory design. Section VI 131 
implements the proposed architecture on FPGA platform to investigate the validity of the simulation 132 
and experimental results. The paper is then concluded in Section VII.   133 

II.  PROPOSED SYSTEM - SOFT-CORE ARCHITECTURE FOR ODD/EVEN ORDER 134 

SAMPLING I/Q DEMODULATOR WITH MEMORY CONSIDERATIONS 135 

 136 
This paper proposes a soft-core architecture for odd/even order sampling with memory 137 
considerations. High level architectural overview is presented in Figure 1 with both odd/even 138 
algorithm and memory access implemented in a soft-core platform such as an FPGA or Embedded.  139 
 140 
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 141 

Figure 1. The proposed soft-score architecture for odd/even order sampling I/Q demodulator 142 

The proposed soft-core architecture ready for implementation consist of programmable component 143 
with Zynq-Arm processor integrated as shown in Figure 1. The Zynq-Arm processor can access 144 
control registers through AXI data bus. The second component of the proposed soft-core 145 
architecture is the low latency digital logic circuit which implements odd/even sampling. The digital 146 
logic circuit is also controlled by the programmed registers as shown in Figure 1. The ARM 147 
processor component introduces flexibility that originally didn’t exist odd/even sampling. 148 
Programmable capability of ARM processor allows for circuit control parameters to be changed at 149 
will. The results presented in this paper were collected from investigations collected from Matlab 150 
simulation, laboratory experimental setup and FPGA implementation.  8 bits addressing, storage of 151 

 and    for even order sampling and guard gaps are presented in in Table 3. 152 
 153 

III.  METHODOLOGY - DERIVATION OF ODD/EVEN ORDER SAMPLING I/Q 154 

DEMODULATOR WITH MEMORY CONSIDERATIONS 155 

 156 
The design of I/Q demodulator that can flexibly select between odd and even order modes at will is 157 
considered. Further consideration is that, signal complications must also be assumed as nonexistent. 158 
This assumption is valid as the I/Q hardware has improved drastically over the years. This 159 
improvement in I/Q demodulator hardware has reached a level where such devices can be bought 160 
with operational specifications such as amplitude and phase imbalance of 0.07 dB and 0.2˚ 161 
respectively. 162 
 163 
Let’s also consider the dual port ram modelling term  where  is the read memory 164 
command,  is the write memory command and  is the strobe command that selects between 165 
even or odd order. Let’s further consider two terms that directly tune ADC sampling, such terms are 166 

 and  as shown in Figure 1. 167 

A. I/Q DEMODULATOR  168 

 169 
The design of soft-core architecture depends largely on the I/Q demodulator and Analogue to 170 
Digital Converter (ADC), traditionally the design of I/Q demodulator ADC interface for Radar and 171 
Electronic Warfare (REW) applications follows five different options as depicted in [2].  J.-E. Eklund 172 
and R. Arvidsson et al [2] modifies the traditional I/Q demodulator and ADC interface to include an 173 
odd/even selection switch and digital filter to smooth the digital ADC output [2], this modification 174 
kicks off by declaring the complex signal and I and Q as shown in equation 1, 2 and 3 below.  175 

 176 

 177 
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 178 

 179 

B. ODD ORDER SAMPLING 180 

 181 
J.-E. Eklund and R. Arvidsson et al [2] and V. I. Slyusar et al [1] applied a FIR filter to the digital 182 
firmware mixer to obtain the final form of the presented I/Q digital mixer, it should be noted that [1] 183 
implements a 4 order FIR filter instead of a 7 order FIR filter.  184 

Table 1. I/Q demodulator odd order digital mixing coefficients of 4 samples [2] 185 

 186 

 187 

 188 

 189 

The I/Q modulator of the odd order presented in [1] did not clearly derived the odd order 3rd odder 190 
characterization equation presented in the paper and equation 8 and 9 below. The derivations from 6 191 
to 7 paves the way for the proposed odd/even algorithm that considers of memory. 192 

Table 2. I/Q demodulator FIR filtered for odd order digital mixing coefficients of 4 samples [2] 193 

 194 
 195 

 196 

 197 

C. EVEN ORDER SAMPLING 198 

 199 
J.-E. Eklund and R. Arvidsson et al [2] and V. I. Slyusar et al [1] applied a FIR filter to the digital 200 
firmware mixer to obtain the final form of the presented I/Q digital mixer, it should be noted that [1] 201 
implements a 4 order FIR filter instead of a 7 order FIR filter. V. I. Slyusar et al [1] also introduces us 202 
to the idea of odd order sampling which is developed from even order sampling in [2], although 203 
limited theory derivation of odd order sampling he was able to apply it to single channel ADC I/Q 204 
sampling which uses 3rd order FIR filtering.  205 
 206 
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Table 3. I/Q demodulator even order digital mixing coefficients of 7 samples [2] 207 

 208 

 209 

 210 

 211 

 212 

Table 4. I/Q demodulator FIR filtered for odd order digital mixing coefficients of 7 samples  213 

 214 
Before we dive down to the derivation of memory mapping model and odd/even sampling, we need 215 
to develop the theory of odd sampling further by deriving the odd sampling expressions. 216 
 217 

IV.  METHODOLOGY ODD/EVEN ORDER SAMPLING WITH MEMORY 218 

 219 
Since the proposed algorithm excludes the signal filtering stage, the filter phase   and coefficients 220 

 terms in equation 4 to 7 fall away. When we apply the ADC tuning terms which are controlled by 221 
the memory strobe the form presented in equation 4 becomes the new equation 10 below: 222 

 223 

 224 

 225 

 226 

 227 
Assuming sampling window of N samples as shown in equation 11, to store such a window a 2-bit 228 
strobe is used to tune the ADC in such a way that either the combination ,  or ,  229 
are memory mapped as shown in Table 2. The memory is mapped in such a way that 8 bits 230 
addressing is achieved, furthermore memory data leak has been accounted for by introducing guard 231 
gaps. 8 bits addressing, storage of  and    for odd order sampling and guard gaps are 232 
presented in in Table 5. 233 

 234 
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Equations 6, 7, 8 and 9 built up the derivation to the final form of the proposed odd order sampling 235 
with memory consideration. The full form of the proposed odd order sampling is presented in 13. 236 
The full form of this algorithm selects odd sampling by using  which controls the ADC sampling 237 
and dual port memory write location. 238 

Table 5. Odd order sampling memory mapping 239 

 240 

V.  METHOLOGY - SIMULATION OF ODD/EVEN ORDER SAMPLING 241 

On the previous section a mathematical model for odd/even order ADC with internal tuning of 242 
sampling in such a way a selection between odd and even sampling is achieved with ease. In this 243 
section a simulation model that aims to compare performance of the odd/even order sampling 244 
model to first order delta-sigma model. 245 

 246 
Simulation results for the Delta-Sigma sampling are shown in Figure 2 with quantization step 247 

size clearly defined. Quantization step size measurement attributes for the same Delta-Sigma 248 
sampling are given Figure 3 and table 7 below. These are compared to Figure 9 and Table 8. It can be 249 
clearly seen that the sampling frequency is reduced from approximately 8 kHz to 2 kHz. 250 

Table 6. 1st Order Delta-Sigma quantization step size measurement results 251 

Quantization Step 

Parameters 

Value 

  

  

  

 ) 

  

 252 
Simulation results for the odd/even order sampling are shown in Figure 4 and 5 with 253 

quantization step size clearly defined also. The architecture for even order sampling is like odd order 254 
sampling switch the difference being the selection of even samples instead of odd samples 255 

 256 
 257 

Table 7. Even order quantization step size results 258 

Quantization Step 

Parameters 

Value 
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 ) 

  

 259 
Figure 7 to 9 compares performance of the different sampling techniques odd/even order 260 

registering a higher error rate due to big quantization step size. 261 
 262 

VI. PERFORMANCE OF ODD/EVEN SAMPLING IN COMPARISON TO OTHER SCHEMES 263 

 264 
We have performed experiments for quantization resolution from 2 to 12 bits. The results are 265 

depicted in Figure 2 and Table 9 respectively. The results are based on Realtime implementation on 266 
Xilinx FPGA development board with a clock frequency of 100MHz.  267 

 268 

Figure 2. Performance of odd/even sampling to modulo ADC presented in [13]. We plot SNR vs quantization 269 

resolution rate for ideal modulo-delta process, gaussian process and field gathered noise process. 270 

Figure 2 gives results for odd/even, Mod-∆, Mod-∆(Gaussian) and Mod-∆(Noise) sampling 271 
schemes implemented on a Xilinx FPGA Platform. Below 3 bits resolution Mod-∆ has the worst 272 
performance than the other sampling schemes with 12 dB. Between 3 bits and 8 bits Mod-∆ has the 273 
best performance with SNR performance of below 6 dB, Mod-∆(Noise) has the worst performance 274 
and odd/even has average performance. Above 8 bits odd/even and Mod-∆(Gaussian) give the best 275 
performance compared to other sampling schemes recording performance of below 6 dB, while 276 
Mod-∆ has the worst recorded performance of 18 dB. This study shows that average best 277 
performance for sampling schemes below 6 dB SNR performance.  278 

 279 
The implemented on a Xilinx FPGA platform with the waveform generated and stored in the 280 

FPGA DDR memory. Resource utilization for the proposed soft-core architecture for odd/even order 281 
sampling is presented in Table 18 with total resource utilization seating at below 50%. 282 

 283 
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Table 8. Resource Utilization for odd/even order sampling 284 

 Used Available Utilization 

SliceUtilization 

Slice LUTs 2044 14400 14.19% 

LUT as Logic 1828 14400 12.69% 

LUT as Memory 216 6000 3.60% 

SliceRegUtilization 

Reg as Flip Flop 3158 28800 10.97% 

Reg as Latch 0 28800 0.00% 

MultiplexerUtilization 

F7 Muxes 52 8800 0.59% 

F8 Muxes 5 4400 0.11% 

MemoryUtilization 

Block RAM 1.5 50 3.00% 

DSPUtilization 

DSPs 0 66 0.00% 

SpecificFeatureUtilization 

XADC 0 1 0.00% 

Total Utilization 45,15% 

 285 

VII. CONCLUSIONS 286 

This paper presented a novel odd/even order sampling I/Q modulator system. The system was 287 
used in a development of prototype Electronic Warfare system. In Electronic Warfare mixed signal 288 
processing is a necessity since the received Radar is analogue in nature while Electronic Counter 289 
Measure (ECM) and Electronic Support Measure (ESM) processing is digital in nature. Simulink 290 
model and empirical experimental design were used to investigate design elements such as 291 
sampling frequency and memory mapping. The impact of sampling frequency on memory mapping 292 
optimization was investigated on the empirical experimental setup. Simulation results comparing 293 
the proposed odd/even order sampling to first order delta-sigma sampling showed a reduced 294 
sampling frequency from 8kHz to 2kHz, that’s sample reduction frequency of quarter without losing 295 
signal integrity such as phase and dynamic range. Experimental comparing odd/even order 296 
sampling to standard ADC sampling showed an improved memory storage requirement from 512 297 
bytes to 256 bytes, and improved sample frequency by half with only the phase being compromised 298 
while amplitude remained unaffected. Future work includes the development of Electronic Warfare 299 
(EW) System on Chip (EWSoC), the work proposed in this paper accompanied by Versal: Adaptive 300 
Compute Acceleration Platform (ACAP) and Radio Frequency System on Chip (RFSoC) from Xilinx 301 
are positive efforts towards EWSoC. 302 
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