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Abstract. The paper proposes an analog hardware solution 

for  the implementation of two-dimensional gradient-based 

algorithm. The algorithm employs the discrete cosine 

transform and performs missing samples reconstruction by 

using the compressive sensing principles. Although there is 

a number of algorithms for solving two-dimensional 

compressive sensing problems, for many of them a real-time 

application is a challenging task. Therefore, this paper 

observes an algorithm whose real-time application has 

relatively low complexity. Also, the reconstruction accuracy 

is comparable to the commonly used compressive sensing 

algorithms. The algorithm is observed within the several 

parts. The implementation of each part is considered in 

details, with provided discussion on the computational 

complexity of each part. 
 

Index Terms—analog hardware, compressive sensing, gradient-

based algorithm, 2D reconstruction 

 

I. INTRODUCTION 

aving in mind popularity of the Compressive Sensing (CS) 

approach in signal acquisition and analysis, constant 

development of new CS-based algorithms is not 

surprising. CS approach deals with under-sampled signals, 

allowing efficient signal recovery from a small set of existing 

samples [1]-[11]. Compared to the sampling according to the 

Sampling theorem, this number of available samples is 

considerably smaller. However, in order to successfully apply 

the CS approach, sparsity and incoherence conditions have to 

be fulfilled. The majority of the signals in real applications 

satisfy the above-mentioned conditions. Therefore, the 

application field of the CS approach is wide [1], [10].  

The problem of signal recovery using a small set of available 

samples can be demanding – time consuming and 

mathematically complex. A number of existing software 

solutions are based on different iterative convex optimization 

techniques or greedy iterative solutions [1],[2],[4]-[8]. 

Although algorithms in signal processing can be tested in 

software, there is a growing need for their hardware realization 

[12]-[18]. The neccessity for hardware implementations raised 

 
 

due to the requirement of fast testing, which is hardly 

accomplished in software. 

Regarding the image processing, some of the recently 

proposed architectures are mentioned in the sequel. A new 

digital image/video camera that directly acquires random 

projections is proposed in [18]. A new camera architecture 

designed on the basis of CS theory is described in [19]. The 

hardware architecture for the L-estimation is proposed in [12] 

while [16] proposes the L-estimate image filtering hardware. 

Here, the continuation of the work [16] is done. Namely, the   

L-estimate image represents an image with missing samples 

which is a basis case for further CS approach. The samples, 

discarded in the L-estimation, can be considered as missing and 

reconstructed by applying some of the algorithms for CS image 

reconstruction. Therefore, the hardware architecture for 

recovering missing or discarded image pixels is proposed.  Our 

focus is on the analog hardware implementation of the 2D 

gradient-based algorithm [10], [21]-[23]. This algorithm 

belongs to the convex optimization group and has lower 

numerical complexity compared to the other algorithms from 

the group. The proposed implementation works with natural 

images, which is the advantage over the architecture proposed 

in [16].  

The focus is on the analog implementation, which is less 

complex and faster compared to the digital one. The algorithm 

is observed within the several parts. The implementation of 

each part is considered in details. Also, the detailed discussion 

on the computational complexity and time requirements for 

specific parts of the algorithm’s implementation is provided.  

The paper is organized as follows. The theoretical 

background of the CS and 2D gradient-based image 

reconstruction algorithm is given in Section II. The hardware 

solution is proposed in Section III, while performance of the 

proposed solution is discussed in Section IV. The conclusion is 

given in Section V. 

 

II. MATHEMATICAL BACKGROUND 

 

A. Basics of the CS approach 

Acquiring the signal at a sub-Nyquist rate and still keep 

enough information about the signal, was not practice in signal 
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processing until recently. CS raised as a framework that allows 

reconstruction of sparse signals by using a small set of available 

samples, i.e. incomplete dataset. A random distribution of the 

available samples provides a high incoherence of the dataset. 

Along with the sparsity, incoherence is the second condition 

that has to be satisfied in order to successfully apply the CS 

approach.  

The incomplete dataset can be described by a measurement 

vector y and matrix E that models a random selection of the 

signal samples, according to the following relation:  

 y = Ex .  (1) 

Sparsity condition is assumed to be satisfied in a certain 

transform domain, modelled by the transformation matrix Ψ. 

The signal x is represented as x=ΨX, where X are transform 

domain coefficients. The relation (1) can be rewritten as: 

 

 y = EΨX AX .  (2) 

Matrix A is called the CS matrix. Having in mind that signal y 

contains only M out of N samples of the signal x, finding a 

solution of an undetermined system of equations (2) is a 

demanding task. The sparsest solution of the following 

optimization problem is an optimal one. This solution can be 

found by minimizing the ℓ1-norm of the vector X according to 

the relation: 

 
1

min subject to ,X y = AX   (3) 

where 
1

X  denotes the ℓ1-norm of the vector X.  There are 

many algorithms for finding the sparsest solution of (3). 

Convex optimization are computationally demanding but more 

accurate compared to the less demanding greedy approaches 

[1], [2], [4]-[8].  

 

B. Adaptive gradient-based signal reconstruction algorithm 

Adaptive gradient-based algorithm [21]-[23], belongs to the 

group of convex optimization approaches. It provides 

satisfactory reconstruction accuracy using a relatively small 

number of signal samples. The algorithm deals with an under-

sampled 2D signals and uses 2D discrete cosine transform as a 

sparsifying basis.  A strict sparsity condition is not required by 

this algorithm, which eases its applicability in real applications.  

Compared to the other approaches used for recovering an 

under-sampled 2D data, this algorithm has a simpler 

implementation. The algorithm iteratively varies values of the 

available signal samples, improving the concentration in the 

sparsity domain. Namely, the initial value of the available 

sample is changed for adaptable step ±Δ, approaching its exact 

value. The missing signal values are updated by the gradient 

vector, obtained as a difference between the ℓ1-norms of the 

vectors changed for +Δ and –Δ. This gradient value is used to 

update the values of the missing samples. 

The algorithm steps are described in details in the sequel.  

 

Step 1: First, we assume that yb is our N×M image that 

contains missing samples, where pixels  , an m N are the 

available pixels. The algorithm can work on image blocks. 

Therefore, yb can be considered as an image block or can be a 

whole image. The image with missing pixels can be represented 

as: 
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where the values of the unavailable pixels are set to zero.  

Step 2: Second step is setting the initial value for adaptable 

parameter Δ: 
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n m
y n m  .  (5) 

Step 3: The missing pixels are considered as variables in the 

algorithm. The parameter Δ is added and subtracted to the 

missing pixel ( , ) an m N . Then, the transformation 

coefficients, denoted as Y+ and Y-, are calculated for both 

vectors according to the following relation: 
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where   is the 2D DCT transform operator.  

Step 4: Calculation of the gradient based on difference of the 

ℓ1 norms of the vectors Y+ and Y- in a vector form as follows: 

  
1 1

( ) 1
( , )ig n m

NM
Y Y

   .  (7) 

Step 5: This gradient vector is used to update the missing 

value according to the relation: 

 ( 1) ( )( , ) ( , ) ( , )i i

b by n m y n m g n m     (8) 

Variation of the values of missing samples is done until 

stopping criterion is reached. Stopping criterion is defined as an 

angle between direction of two successive gradient vectors:   
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When  becomes lager than βref ≈175°, the algorithm reached 

solution with a precision defined by Δ. In such case, the step ∆ 

needs to be decreased to 1/3 of its beginning value. The 

procedure is repeated until precision maxrT T  is achieved. 

The Tr is defined as: 
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where      0
, ,

p
bby n m y n m  for every new Δ value and

100dBmaxT  . 

 

III. ANALOG HARDWARE SOLUTION FOR 2D SPARSE 

RECONSTRUCTION ALGORITHM 

 

The analog hardware implementation of the 2D gradient 

reconstruction algorithm, described in the section II.B, is 

provided in the sequel. The architecture is composed of 4 parts. 

The parts are controlled by oscillator with 11 outputs. Ouputs 

are denoted as Q0 - Q10.  

The block scheme of the architecture is shown in Fig. 1. 

While the S signal is not activated all the output signals of the 
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oscilloscope are at a low voltage level. After activating the 

signal S, the outputs of the oscillator are changed in time 

according to the diagram shown in Fig. 2. 

 

 
 

Fig. 1. The block scheme of the proposed analog architecture  

 

 
Fig. 2. Output signals of the oscillator 

 

The proposed architecture deals with 8×8 image blocks and 

contains several parts. Inputs of the architecture are: 

- the 8×8 dataset yb of the N×M image; 

- the 8×8 binary matrix e. The values of the matrix  indicate 

the positions of the missing pixels that need to be 

reconstructed. Value 0 indicates the position of available 

samples and value 1 indicates the position of missing 

sample. The initial value of the parameter Δ is obtained by 

using the circuit shown in Fig. 4, during the active state of 

the signal S.  

Before S signal activation, available signal samples are 

loaded in matrix yb (Fig. 3). It is important to note that the 

unavailable samples are considered as zeros at the beginning. 

The matrix yb is composed of the sample and hold amplifiers. 

In this step, the values of the matrix e are also set. 

The hardware architecture performs the following 

operations: 

- updates the values of the gradient matrix g, according to the 

relation (7); 

- updates the missing pixels values according to the (8); 

- checks the condition for decreasing the value of the 

parameter Δ according to the relation (9). If the criterion for 

decreasing the value of Δ is satisfied, the procedure is continued 

with a new, updated value of Δ; 

- checks the stopping criterion according to the relation (10). If 

the stopping criterion is met, oscillator stops the reconstruction 

procedure. The current values of input signal represent the 

reconstruction result. 

 

Each part of the architecture is described in the sequel. 

 

 
Fig. 3. Part 1 of the architecture - Block scheme of the circuit for placing 

samples of yb matrix into p

by and yb’ matrix  

 

Part 1 is used to temporarily store  the current values of input 

samples yb within the matrices yb
p and yb’. The yb

p samples are 

used during the threshold Tr calculation, i.e. for stopping 

criterion check. The yb’ samples temporary hold the values used 

for updating the missing samples within the yb. Part 1 is also 

used to temporarily store  current values of gradient matrix g 

within the matrix g’.  

Part 1 also contains the circuit for setting and updating the 

value of the parameter Δ. The electrical diagram of this circuit 

is shown in Fig. 4. During the active state of signal S, the 

capacitor C is loaded to the maximal absolute value of the input 

signal samples. Later, change of the Δ value depends on the CH 

signal – high voltage level of the CH causes decrease of the Δ 

value to aproximatelly Δ/3. 
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Fig. 4. Diagram for updating the value of Δ 

 

Part 2 updates the values of the gradient vector g. The block 

diagram of the propsed architecture for Part 2 is shown in Fig. 

5. Considering that we are dealing with 8×8 blocks and that N 

is equal to 8, calculation of one gradient value g(i,j) requires 

N(N2+1)+1 amplifiers (577 amplifier circuits in total), 2N2+3 

adders (131 adder circuit in total), 2N2 absolute value circuits, 

1 adder with two inputs, 1 inverter circuit and 2 switch circuits. 

In the proposed architecture, 8 values of the gradient matrix 

g are updated in parallel. It means that the architecture contains 

8 circuits for simultaneous updating of 8 gradient factors. In 

compare with simultaneous updating off all gradient factors, 

complexity of the architecture for simultaneous update 8 

gradient factors is 8 times decreased. However, with such 

realization, updating time is 8 times prolonged. Here, the 

advantage is given to lower the complexity, having in mind that 

the proposed architecture is relatively fast and much faster 

compared to the software realization, even considering this 

prolongation. The oscillators signals Q1…Q8 control the 

architecture in a way that active state of oscillator output Q1 

updates the first row of the sample and hold matrix g, active 

state of Q2 updates the second row of the sample and hold 

matrix g, etc.  

Detailed realization of the Insert-delta block from Fig. 5 is 

shown in Fig. 6. As can be seen from Fig. 6, the circuit performs 

adding and subtraction of the parameter Δ to the observed input 

sample. 
 

 

 
Fig. 5. Part 2 of the architecture - Block for updating the gradient factor for every missing sample 
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Fig. 6. Part 2 of the architecture: Circuit that performs adding and 

subtraction Δ value to the yb(i,j) sample  

 

Fig. 7 shows a diagram for updating one specific gradient 

value. In this circuit, the DCT coefficients are implemented as 

gain of analog amplifiers. The circuit also contain adders, 

absolute value circuits and switches. The switches SW1 and 

SW2 are controlled by the signals e(i,j). If the sample at the 

position (i,j) is available, then the e(i,j) keeps the switch SW1 

open, while at the same time signal  ,e i j  closes the SW2 

switch. Thanks to this, the available samples remain unchanged 

during reconstruction process. At the positions of missing 

samples the situation is opposite: signal e(i,j) closes the SW1 

and signal  ,e i j  opens the SW2. 
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Fig. 7. Part 2 of the architecture – Block scheme for updating a particular 

value of the gradient matrix g 

 

The high voltage level of the oscillator output Q9 activates 

the Part 3 of the proposed architecture. Part 3 updates values 

of the signal yb and performs calculation of the value β. Circuit 

for updating  value consists of analog voltage adders, analog 

voltage amplifiers, analog voltage square function and square 

root circuits and analog voltage division circuits.  Calculation 

of the   requires 3 adders with N2 inputs amplifiers (for N=8 

that is 64 inputs in total),  N2+1  multiplier, 2N2 square function 

circuits, 2 square root circuits and 1 division circuit. Functions 

arccos and log are not implemented. Instead of this, a direct 

comparison of the value of the divisor output and the 

corresponding reference value is performed.  

The new yb values are obtainded as difference between yb
’ 

values and gradient factors g (Fig.8a). The circuit for updating 

the value of parameter β is shown in Fig 8b. 

Part 4 checks the condition for  β parameter update, updates 

the threshold value Tr and checks the stopping criterion. This 

part of the architecture is activated when the Q10 oscilloscop 

output is in the active state.  

Fig. 8b also shows circuit for checking condition for the 

parameter  updating. This circuit belongs to the Part 4 of the 

architecture. It is directly connected to the circuit for updating 

the parameter . Checking condition for updating the parameter 

 is performed by comparing the value β with the referent value 

βref. If the condition is met, the signal CH is activated which 

initiates the change of  value.  
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Fig. 8. Parts 3 and 4 of the architecture: a) Block scheme for updating the 
values of the input samples yb b) Block scheme for checking and updating the 

value of the parameter β and input samples;  

 

 The CH signal activates stopping criterium check. It is done 

by comparing the current value of the parameter Tr with the 
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referent value Tref. The circuit performing those operations is 

shown in Fig. 9.  

 If the stopping condition is met, the signal F deactivates all 

oscilloscope outputs and opens all switches. The current values 

of the yb samples represent reconstructed samples.  

     In the case when stopping condition is not met, time constant 

RCCC keeps the high voltage of the CH signal, during the next 

active state of the Q0. This enables updating the value of yb
p 

samples (Fig. 3.) for new reconstrucition iteration using new 

values for  and yb
p. 
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Fig. 9. Part 4 of the architecture: Blok scheme for calculation of the 

threshold Tr and checking the stopping criterion 

 

From Fig. 9 we can see that samples by and p

b
y are set at the 

inputs of the circuit for update Tr. This circuit is consisted of 

analog voltage adders, analog voltage amplifiers, analog 

voltage square function circuit, analog voltage square root 

circuit and analog voltage division circuits. In our case, N2 

adders with 2 inputs and 2 adders with N inputs, N2 invertors, 

2N2 analog voltage square function circuits and 1 analog 

voltage division circuit are required. 

 

IV. DISCUSSION 

 

Let us now discuss the characteristics of the circuits used in 

the simulation. The simulation of the proposed architecture is 

done in the PSpice software, OrCAD 16.6 version. The 

commonly used analog circuits are exploited in the architecture.  

Multiplier, divider, square root and squaring circuits are 

implemented by using the analog AD734 circuit. Settling time 

of this circuit (to 0.1%) is less than 200ns, the slew rate is 

450V/μs, and the introduced error is less than 0.1% [1].  

Adders and amplifiers (inverters) are implemented by using 

the ultra-high speed operational amplifier LT1191, whose 

settling time (to 0.1%) is less than 110ns and the slew rate is 

450V/μs [25].  

The circuit LT1394 (comparator) is used for the analogue 

voltage comparison. This circuit settling time is 7ns [26].  

Storing the voltage values are done by using the sample and 

hold circuits AD783, with typical acquisition time (to 0.01%) 

of 250ns [27].  

The analogue switches MAX4645 [28] and diodes 1N4448 

[29] are also used in the simulation.  

For the proposed architecture, the simulation shows that the 

minimal time required for Q0 impulse duration is approximately 

TQ0=480 ns, minimal time for Q1-Q8 impulses duration is 

aproximatelly 940ns, while minimal times for Q9 and Q10 are 

TQ9=710ns and TQ10=860ns, respectively. Time required for 

turn of the switches MAX4645 is Tp=40ns. Therefore, the 

minimal duration for one algorithm iteration is TQ0 +7TQ1 + TQ8+ 

TQ9+10Tp=9.97μs  10 μs and the total calculation time depends 

on the number of iterations. The proposed implementation can 

achieve up to 400 iterations within 1ms. 

Regarding the errors that may be introduced by the analog 

components used in the implementation, the highest one may 

be introduced by the AD734 circuit. However, this maximal 

error is less than 0.1% of the full scale and does not affect 

significantly the reconstruction accuracy. It can eventually 

causes the algorithm to iterate several times more, in order to 

produce satisfactory reconstruction accuracy. 

 

                          
a)                        b)                                       c)  

Fig. 10. a) Original image;b) Original image with 15.6% of available samples   

c) Reconstructed image by using 15.6% of measurements and  2D      

gradient-based algorithm 
 

In order to present the performances of the algorithm and the 

proposed architecture, the outputs of the OrCAD simulation are 

visualized in MATLAB R2015a software. The color image is 

observed. The image size is 512×512 pixels and 8×8 blocks are 

used in the reconstruction of missing image samples. It is 

assumed that only 10 out of 64 pixels from each image block 

are available. It means that only 15.6% of the total number of 

pixels is available.  

The reconstruction results are shown in Fig. 10. The 

reconstructed image shows no visible degradation, although 

only 15.6% of the image samples are considered as available. 

The quality of reconstruction is also measured by PSNR. In this 

example, the obtained PSNR is 39.03 dB, which numerically 

proves good image quality after the reconstruction.  

In the case of physical realization, the power consumption of 

the analog circuits from the proposed architecture can be 

optimized by using the new standards of the CMOS technology 

(e.g. 340nm, 180nm, 130nm, 90nm). The circuits realized in 

these standards have the same or higher speed compared to a lot 

of other realizations, but have significantly lower power 
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consumption. In these standards, High Speed Four-Quadrant 

Multiplier/Divider can be realized with power consumption less 

than 0.4mW [30], High Speed Sample-and-Hold Amplifier with 

power consumption less than 0.5mW [31], High Speed 

Operational Amplifier and High Speed Analog Comparator 

with power consumption less than 0.5mW [32]-[33], while Fast 

Low Power Analog Switch can be realized with power 

consumption less than 0.05mW [34]. Using such components, 

we estimated the power consumption of the proposed 

architecture. The obtained results are listed in Table 1. 

 

Architecture part Power consumption  

Input signals circuits < 70mW 

Part 1 <180mW 

Part 2 <390mW 

Part 3 <140mW 

Part 4 <110mW 

Oscillator <60mW 

 

Table 1. Power consumption estimation of the architecture parts 

 

From Table 1 can be seen that it is possible to reduce power 

consumption of the proposed architecture below 1W. The 

reconstruction of one 8×8 image block ussualy requires less 

than 100 iterations. It means that energy consumption for 

reconstruction of the image block is less than 1mWs.  

Moreover, power consumption can be further reduced by 

switching off the architecture parts that are not currently active. 

The impact of this approach on architecture performances is one 

of the topics of our ongoing research. 

 

V. CONCLUSION 

The paper proposes an analog architecture for the realization 

of 2D adaptive gradient-based algorithm. The analog 

realization is considered since it provides faster execution 

compared to the digital one. The algorithm implementation is 

separated into the several parts. The simulation is done in 

PSpice software, OrCAD 16.6 version. It is shown that time 

required for one algorithm iteration is less than 10 μs. The 

results of the OrCad simulation by using color image are 

visualized in MATLAB. The reconstruction quality is measured 

visually and by PSNR calculation. Reconstructed image shows 

satisfactory quality with relatively small percent of available 

samples. 
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