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Abstract 

Tone mapping algorithms have been utilized to adapt wide 
dynamic range (WDR) images to limited dynamic range (LDR) 
displays while still maintaining images’ details. This work presents 
an analog current mode circuitry approach to realize a tone 
mapping algorithm that includes both global and local operations 
in the image array periphery. Compared with the other in-pixel 
analog implementations, this work can keep the best pixel pitch 
and fill factor performance of WDR image sensors. In addition, by 
using joint global and local tone mapping operators, details of the 
images are preserved and the contrast of the image is also 
enhanced when compared with other hardware implementations 
realizing only one of these operators. In this work, a novel WDR 
analog divider is designed and presented to handle the WDR input 
pixel value. The circuit, designed in a TSMC 0.35 µm 
complementary metal oxide semiconductor (CMOS) technology, 
was simulated with thirty WDR images in order to evaluate our 
implementation. Peak signal to noise ratio (PSNR) and structural 
similarity (SSIM) scores were calculated to evaluate the hardware 
simulation and compared to a software implementation in 
MATLAB. 

1. Introduction 
With recent improvements in wide dynamic range (WDR) 

image capture technology, WDR sensors are utilized in all kinds of 
applications such as surveillance, telescope, machine vision, etc. 
[1-2]. For example, in medicine and biology, WDR image capture 
in endoscopy can help doctors and researchers observe the inside 
of the body better and diagnose more accurately. WDR sensor 
application in wildlife monitoring can provide information about 
wildlife status in both light and shade habitats.  

However, there is a critical discrepancy between the WDR 
captured image and the limited dynamic range (LDR) of displays 
such as liquid-crystal display (LCD) monitors and cell phone 
screens. Natural sceneries often have a WDR ratio that exceeds 
100,000:1 [3]. Most display devices are LDR which is 8-bit. Due 
to this disparity, the details and contrast of the WDR image are 
lost. To overcome this challenge, tone mapping algorithms have 
been used to adapt the captured WDR image to the LDR display 
devices while still maintaining image details and contrast. 

Tone mapping algorithms can be classified into two main 
categories. One is a global tone reproduction [4] which deals with 
all pixels in the same way. The advantages of the global tone 
reproduction are high speed and low computational complexity. 
However, because it does not take the effect of spatial location into 
account, it causes loss of some local contrast.  

The other type of tone mapping algorithms is a local tone 
reproduction [3] which takes the pixel’s neighborhoods into 
consideration. The output of a pixel is related to that of the 
surrounding pixels. Even though it keeps the local tone contrast, 

there are also some disadvantages for the local tone mapping 
algorithms, such as greater time consumption and more 
computations. Another shortcoming is that it may introduce 
artifacts. 

Apart from the above two processes, joint global and local 
tone mapping algorithms which combine the advantages of both 
global and local tone reproductions has also been developed [5]. 
The tone mapping algorithm of Ofili et al. [6] is another example 
shown to have a superior tone mapped image quality performance 
when comparing with conventional tone mapping algorithms. The 
algorithm is as follows: 

{
 
 

 
 

𝑦(𝑝) = 𝛼 ×
1−𝑒

−
𝑥(𝑝)
𝑥0(𝑝)

1−𝑒
−
𝑥𝑚𝑎𝑥
𝑥0(𝑝)

𝑥0(𝑝) = 𝑘 × 𝜇𝑥 +
(𝑥∗ℎ)(𝑝)

2

                                                  (1) 

Where p is a pixel in a color image, 𝑥(𝑝) is the luminance 
value of pixel p, 𝑦(𝑝) is the resulting luminance value after doing 
the tone mapping algorithm. The transformation and restoration 
between the luminance value of a pixel and its RGB color values 
are realized in YUV color space. 𝑥𝑚𝑎𝑥 and 𝜇𝑥  are the maximum 
and mean luminance value of the color image. The factor 𝑘 is a 
coefficient between zero and one and need adjust according to 
different images. * indicates the convolution operation. ℎ is a two-
dimensional spatial filter.    

Apart from the development of tone mapping algorithms, 
another concern is the hardware implementation of such 
algorithms. There are mainly two approaches. One is based on 
digital circuits. Ofili et al. implemented their tone mapping 
algorithm in a field-programmable gate array (FPGA) [7]. Popovic 
et al. realized a FPGA implementation of Drago’s logarithmic tone 
mapping algorithm by using Taylor approximation [8]. The 
advantages of a digital approach are its fast processing speed and 
excellent computational accuracy. 

Another approach is an analog implementation. With the 
demand for WDR imaging in portable devices such as cell phones, 
power consumption and chip area are critical parameters. In 
addition, the input data of an analog approach is cleaner because it 
does not go through an analog-to-digital convertor (ADC) which 
adds additional noise such as quantization noise. Furthermore, the 
analog circuit is easier to integrate with WDR sensors. For above 
reasons, in this work, we selected analog circuits to realize our 
tone mapping algorithm because of its low power consumption and 
low silicon area. Abbass et al. realized a novel mixed design of a 
tone mapping technique for WDR CMOS image sensor [9]. 
Vargas-Sierra et al. reported a 151 dB WDR CMOS image sensor 
chip architecture with tone mapping compression embedded in-
pixel [10]. Sicard et al. described a CMOS WDR imager with an 
analog local adaptation [11]. All the above three analog 
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implementations were realized with the tone mapping algorithm at 
the pixel level. However, in-pixel circuitry resulted in a poor pixel 
pitch and an undesirable reduction in the fill factor. This is at odds 
with the typical requirements of minimum pixel pitch and 
maximum fill factor for high spatial resolution and sensitivity. Our 
proposed computation was implemented in the peripheral circuitry, 
therefore, it can maintain a small pixel pitch and high fill factor of 
a WDR sensor.  

Besides, the above three analog implementations realized 
either global or local tone mapping algorithm. In this paper, we 
present a current-mode analog approach to realize Ofili’s joint 
global and local tone mapping algorithm which has a superior 
image quality performance [6]. The outline of this paper is as 
follows: the three by three convolution and WDR analog divider 
are described in Section 2 and 3. Section 4 describes the 
exponential function. Section 5 shows the simulation results of the 
whole system and finally, Section 6 concludes the paper. 

2. Convolution function 
The algorithm considers not only the pixel itself but its 

surroundings to take the local contrast into account by utilizing the 
convolution operation. In this work, we used the Gaussian 
smoothing filter as our spatial filter as follows. 

h =
1

16
[
1 2 1
2 4 2
1 2 1

]                                                                  (2) 

Fig. 1 shows the convolution processing in detail. P11, 
P12…P33 are the nine pixel inputs in a three by three image patch. 
P22 is the center pixel. 𝑃22𝑜𝑢𝑡  is the center output pixel after 
doing the convolution and is described as follows: 

𝑃22𝑜𝑢𝑡 =
1

16
(𝑃11 + 2 ∗ 𝑃12 + 𝑃13 + 2 ∗ 𝑃21 + 4 ∗ 𝑃22 +

2 ∗ 𝑃23 + 𝑃31 + 2 ∗ 𝑃32 + 𝑃33)                                               (3) 

From the above, we can see that there are three different ratios 
we need to realize. They are 1/4, 1/8 and 1/16. In our algorithm, 
there is another 1/2 coefficient before the convolution. So, the 
three ratios become 1/8, 1/16 and 1/32. To realize these ratios in 
analog circuit, we used current mirrors appropriate sizing of the 
transistors as shown in Fig. 2. The sum of these currents is 
described as follows: 

𝐼𝑜𝑢𝑡 =
(𝑊/𝐿)1𝑏

(𝑊/𝐿)1𝑎
𝐼1 +

(𝑊/𝐿)2𝑏

(𝑊/𝐿)2𝑎
𝐼2+. . . +

(𝑊/𝐿)𝑛𝑏

(𝑊/𝐿)𝑛𝑎
𝐼𝑛                      (4) 
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Figure 1. Three by three convolution processing 
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Figure 2.Current mirror circuit for convolution processing 

3. WDR analog divider 
The analog divider is the most difficult part in the 

implementation. Since both the numerator and denominator in the 
algorithm have a wide dynamic range of around 100 dB, it means 
that both numerator and denominator change over 5 orders of 
magnitude. In some mixed signal implementation of tone mapping 
algorithm, the authors utilized digital circuitry to do this kind of 
division [9]. However, this paper presents a novel way to solve this 
dynamic range problem purely in analog.  

After testing several analog dividers, a current mode circuit 
which consists of geometric-mean cell and squaring cell was 
chosen as our basic core divider [12]. After simulation, we found 
that when the numerator and denominator changed from 10 μA to 
100 μA, the division result was satisfactory. However, when they 
exceeded this range, the division error exceeded 20%, which is 
unacceptable.    

The above analog divider was used as our basic core divider, 
and then adjustment and restoration circuits were added to let it 
handle the WDR inputs. After that, our WDR divider’s error is less 
than 10% in the entire input range. By defining the maximum input 
current value as 100 μA, to reach the 100 dB dynamic range, the 
minimum input current value is 100 μA×10-5=1 nA. 

3.1. Adjustment circuit 
Firstly, comparators were utilized to judge what the range of 

the original input value was. These four comparison results K1, K2, 
K3, K4 represented the range information of the numerator which 
is shown in (5) (6) (7) and (8). Another four comparison results 
KA, KB, KC, KD represented the range information of the 
denominator. 

𝐾1 = {
1              numerator < 10𝑛𝐴

0              numerator > 10𝑛𝐴
                                  (5) 

𝐾2 = {
1              numerator < 100𝑛𝐴

0              numerator > 100𝑛𝐴
                                (6) 

𝐾3 = {
1              numerator < 1𝑢𝐴

0              numerator > 1𝑢𝐴
                                    (7) 

𝐾4 = {
1              numerator < 10𝑢𝐴

0              numerator > 10𝑢𝐴
                                  (8) 

Secondly, range information K1, K2, K3, K4 was used to 
adjust the numerator’s range into [10μA, 100μA] which is the 
working range of the basic core divider. The schematic of  
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Figure 3. Schematic of adjustment circuitry for the numerator 

adjustment circuitry of numerator 𝑥(𝑝) is shown in Fig.3. Switches 
and current mirrors were utilized to realize it.  

The idea is that different numbers of ×10 current mirrors are 
utilized to adjust the current according to its range information. For 
example, if the input is 5 nA, only the first row’s switch is on 
which means that only the first row’s input current flows through 
all four ×10 current mirrors. So the input is enlarged by 104 times. 
The adjusted value is 50 μA which is in the working range of the 
basic core divider. By using these judgement and adjustment 
circuitries for both WDR numerator and denominator, they are 
adjusted to the working range of the basic core divider with their 
associated range information. 

3.2. Restoration circuit 
After the processing of the adjustment circuitry, the adjusted 

numerator and denominator were applied into the basic core 
divider to do the division. A restoration operation was added to 
restore the correct division result. We use R’ to present the 
adjusted division result and R to present the correct division result. 
The processing details can be seen in Table I. N represents the 
numerator and D represents the denominator. Every blank part in 
the table means that this division situation is impossible in practice 
according to the algorithm’s mathematical properties. In the 
algorithm, for the division (− 𝑥(𝑝)

𝑥0(𝑝)
)  in (1), we can see that the 

denominator 𝑥0(𝑝)  is always larger than 1
8
× 𝑥(𝑝)  because the 

property of the three by three Gaussian filter. For the second 
division  (− 𝑥𝑚𝑎𝑥

𝑥0(𝑝)
)  in (1), 𝑥𝑚𝑎𝑥  is 100 μA, and we can directly 

assume this exponent term (𝑒
−
𝑥𝑚𝑎𝑥
𝑥0(𝑝)) equals to zero when 𝑥0(𝑝) is 

less than 5 μA. Therefore, those blank parts are impossible in 
practice. 

By following the idea of table I, the restoration circuitry was 
designed by comparators and current mirrors; controlled by the 
range information K1, K2, K3, K4 and KA, KB, KC, KD. The  

Table I. Restoration of division results 

R D [1nA, 
10nA] 

[10nA,
100nA] 

[100nA
,1μA] 

[1μA, 
10μA] 

[10μA,
100μA] N  

[1nA, 
10nA] R’ 0.1*R’ 0.01*R’ 0.001*

R’ 
0.0001

*R’ 

[10nA,
100nA] 10*R’ R’ 0.1*R’ 0.01*R’ 0.001*

R’ 

[100nA
,1μA] 100*R’ 10*R’ R’ 0.1*R’ 0.01*R’ 

[1μA, 
10μA]  100*R’ 10*R’ R’ 0.1*R’ 

[10μA,
100μA]   100*R’ 10*R’ R’ 

 
circuit’s structure was very similar with the adjustment circuit, so 
the specific circuit is not shown in this paper. 

4. Exponential function 
A MOS transistor in sub-threshold region was used to realize 

the exponential function. When the transistor works in the sub-
threshold region, Id is described as follows: 

𝐼𝐷 =
𝑊

𝐿
𝐼𝑡 exp (

𝑉𝐺𝑆−𝑉𝑡ℎ

𝑛𝑉𝑇
) [1 − exp (−

𝑉𝐷𝑆

𝑉𝑇
)]                             (9) 

𝐼𝑡 = 𝑞𝑋𝐷𝑛𝑛𝑝0 exp (
𝛹𝑆

𝑉𝑇
)                                                      (10) 

W and L are the width, length of the transistor and X is the 
thickness of the cross-sectional area in which the diffusion current 
flows. 𝑉𝐷𝑆 , 𝑉𝐺𝑆  and 𝑉𝑡ℎ  are the drain-source, gate-source and 
threshold voltage. 𝑉𝑇  is the thermal voltage and q is the unit 
charge. 𝐷𝑛  is the diffusion constant for electrons. 𝑛𝑝0  is the 
equilibrium concentration of electrons in the substrate. 𝛹𝑆  is the 
surface potential. All the parameters in (10) are constant once the 
CMOS technology is fixed. In addition, the last term exp (− 𝑉𝐷𝑆

𝑉𝑇
) in 

(9) approximately equals to zero, when Vds > 3𝑉𝑇.Therefore, the 
drain current 𝐼𝐷  can be controlled by the term (𝑉𝐺𝑆 − 𝑉𝑡ℎ) under 
the exponential function [13]. 

5. Simulation results 
To evaluate the performance of our hardware implementation, 

thirty different WDR images from our database were tested and 
simulated by our transistor-level design in Cadence. For comparing 
visual quality, five groups of WDR images including the original 
WDR images, output images from the hardware implementation 
and output images from a MATLAB software implementation are 
shown in Fig.4. The comparison results show that there are almost 
no visual differences between the hardware simulation images and 
the software simulation images. 

To compare the two tone-mapped images quantitatively, the 
peak signal to noise ratio (PSNR) and structural similarity (SSIM) 
were calculated by (11) (12). For PSNR in (11), I(m,n) is the ideal 
software result value for the pixel in row m and column n. T(m,n)  
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Figure 4.Tone mapping results images: (1a) (2a) (3a) (4a) (5a) Original WDR 
images (1b) (2b) (3b) (4b) (5b) Tone mapped images by the software 
simulation (1c) (2c) (3c) (4c) (5c) Tone mapped images by the hardware 
simulation 

is the hardware simulation result value for that pixel [7]. 255 is the 
maximum value for an 8-bit LDR display. Higher PSNR values 
represent that objective image quality is better. 

PSNR = 10 × 𝑙𝑜𝑔10[
2552

1

𝑀𝑁
∑ ∑ [𝐼(𝑚,𝑛)−𝑇(𝑚,𝑛)]2𝑁

𝑛=1
𝑀
𝑚=1

]                (11) 

For SSIM in (12), 𝜇𝑥 and 𝜇𝑦 are the mean value of image x 
and y. 𝜎𝑥 and 𝜎𝑦 are the variance of x and y. The covariance of x   

 

Table II. PSNR and SSIM results 

 No. 1 No. 2 No. 3 No. 4 No. 5 
Average 
of thirty 
images 

PSNR 35.32 
dB 

34.33 
dB 

36.74 
dB 

36.32 
dB 

33.16 
dB 

34.45 
dB 

SSIM 0.990 0.989 0.993 0.994 0.986 0.987 

 
and y is presented by 𝜎𝑥𝑦. 𝐶1 and 𝐶2 are two constants to prevent 
instability in the division which are (255 × 0.1)2  and (255 ×
0.3)2 [14]. The structural similarity between two images is better 
when the SSIM gets closer to one. 

SSIM =
(2𝜇𝑥𝜇𝑦+𝐶1)(2𝜎𝑥𝑦+𝐶2)

(𝜇𝑥
2+𝜇𝑦

2+𝐶1)(𝜎𝑥
2+𝜎𝑦

2+𝐶2)
                                         (12) 

The PSNR and SSIM measurement results are shown in Table 
II. The results show that the differences in images are very small 
and that the structural similarity between them is very good. 

According to the simulation result in Cadence, this analog 
current mode implementation consumed an area of 0.039 mm2 and 
a static power of 41 mW from a 3.3 V supply under TSMC 
cmosp35 technology. The area was approximated by summing up 
the product of width and length for all transistors. The processing 
time was 1 μs for each pixel. Because the power and area are small 
when comparing with other digital hardware implementations [7], 
repeated circuits in parallel can be utilized for increasing the speed 
if the customer needs. 

6. Conclusion 
In this paper, we have presented an analog current-mode 

approach to realize the joint global and local tone mapping 
algorithm of Ofili et al. [6]. A novel WDR analog divider is 
presented to handle the WDR input values. And the resulting 
simulation images are shown in LDR display with high contrast 
and good detail performance. This implementation is a good choice 
for the real-time low-power applications especially for the portable 
devices because of its low-power and low-area properties.  
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