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Converters with Hierarchic Networks 
Teck Seng Low, SeniorMember, IEEE, and Chao Bi 

Abstract- A methodology for designing Analog to Digital 
(AD) converters based on a hierarchic network is explored. 
The principle of this methodology and design procedure are 
presented. The characteristics and performances of the converter 
are compared with the converter based on the Hopfield network. 
Two circuit models for the A/D converters are described in this 
paper. As a hierarchic network is used, the AD converters 
designed have no local minima in their operation. With the 
method proposed in the paper, high bit number A/D converters 
can be easily designed, and the converters designed are fast in 
signal conversion and stable in operation. 
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NOMENCLATURE 

The comparator output voltage when its inverting input 
voltage is higher than 0 (here, V, is a negative value). 
The net voltage of the ith comparator inverting input 
node. 
The maximum voltage which the converter can convert. 
The normalized V, (for a 4-bit A/D converter, V; = 
15). 
The j th  bit output voltage of the converter (it is a 
negative value) 
The reference voltage (it is a negative value). 
The input signal voltage (it is a positive value). 
The normalized V, (for a 4-bit A/D converter, V: = 

The conductance connecting the inverting input of the 
ith comparator to the output of the j th  comparator. 
The normalized conductance of x3 (for a 4-b A/D 
converter, Y,: = (15/Vm) . K,). 
The conductance connecting the inverting input of the 
ith comparator to the reference voltage V,. 
The conductance connecting the input of the zth com- 
parator to the input signal V,. 

(15/Vm) . E). 

I. INTRODUCTION 
RESENTLY, there are four types of A/D converters 
available commercially. They are 

I )  counting type A/D converters; 
2) successive approximation type A/D converters; 
3 )  parallel comparator type A/D converters; 
4) ratiometric type A/D converters. 

Fig. 1. The A/D converter based on the Hopfield network. 

Counting A/D converters is lowest in conversion speed as ii 
takes 2N clock cycles for an N-bit conversion. The conversion 
speed is fastest in parallel comparator A/D converters but 
their circuits are complicated if the number of bits are high. 
Recently, some new innovative designs have been published. 
They include the application of neural networks to A/D 
eonverter designs. Designs based on the Hopfield network 
is one of them [l]. In this paper, we propose the use of a 
hierarchic network to design A/D converters. The converters 
based on this network have desirable and unique properties 
which may be useful in many applications. Their advantages 
include 1) speed, 2) simplicity, 3) not needing clock signals, 
and 4) having no local minima. In describing the designs 
of the A/D converter using hierarchic networks, the designs 
based on the Hopfield network is first discussed. Using this as 
the base for comparison, the designs of A/D converters with 
hierarchic networks by bit extension is described. The full 
hardware implementation of a 10-bit A/D converter is shown 
and its performance is presented. 

a. THE A/D CONVERTER BASED ON A HOPFIELD NETWORK 
The Hopfield network is a recurrent symmetric neural 

network which can be used to design A/D converters [I], [2], 
[5]. The circuit of a 4-bit converter based on the Hopfield 
network is shown in Fig. 1, where Y 3  is the conductance 
connecting the inverting input of the ith comparator to the 
output of the j th  comparator and x3 = YJ2. Its simple design 
makes the converter inexpensive and easy to be built. 

The Hopfield network has feedback paths from their outputs 
back to their inputs and it has been proven that this recurrent 
symmetric network is stable [21. Its response is dynamic, 
that is, after applying a new input, the output is modified 
and fed back to the input terminals. The output is then 
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Fig. 2. Extending the bit number of an A D  converter. 
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modified, and the process is repeated. The iterations produce 
smaller and smaller output changes until eventually the outputs 
become constant. The Hopfield network has local minima. 
These minima require the converters to be reset before every 
conversion, or else the conversion error could be very large 
[2], [7]. This disadvantage limits the use of the converter in 
many high-speed applications. 

In [4], it is noted that the symmetry bounded to the 
recurrent network is sufficient but not necessary for stability 
of the network. This indicates that A/D converters could be 
designed by using asymmetric networks, and the analysis in the 
following sections will also prove that this design is practical. 

111. EXTENDING THE BIT NUMBER OF AN AID CONVERTER 

For convenience in analysis, we examine the possibility of 
extending a 3-bit A/D converter to a 4-bit one. An arbitrary 
3-bit converter is chosen. The circuit of the extended bit is 
shown in Fig. 2. This circuit is formed by a comparator and 
a series of resistors and the circuit forms the lowest bit of the 
converter. The reference voltage, input voltage and all higher 

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  1 3 1 4  1 5 1 6  

Fig. 3. Function of Vo,(Vz) 

The 0th bit circuit has 5 unknown parameters: 
Yo,, YO,, Yol, Yo2, Yo3, When k in (2) changes from 
0 to 7, 16 equations are yielded. It is clear :"at finding 5 
parameters which can satisfy all these equations is difficult. 
To get the solution, an effective calculation method has to be 
found to performed the bit extension. 

To obtain a practical solution for the bit extension, the 
properties of the curve V,, ( V,) should be analyzed carefully 
before calculating for these parameters. With the comparator 
property shown in (l), the requirements described in (2) can 
be changed to the one described by (3). 

(3) 
C O ,  2 k 5 V Z < 2 K + 1  

.net{ 2 0, 2k + 1 5 v, < 2k + 2. 

bit outputs are connected to the inverting input of the extended 
circuit, respectively, but the output of the extended bit circuit 
is not fed back to the input of the converter. Fig. 2 shows 
only the extended circuit which forms the lowest bit of the 

Equation (3) is formed by a group of inequalities. To solve this 
equation, it is necessary to analyze Vine, (Vi), shown in Fig. 2. 

The curve %net can be described by 
converter, so only YO,, YO,, Yol, Y02, and YO3 are shown 
in Fig. 3. The relation between output and input of the ith 
comparator is described by (I). 

VOnet 
- v, . yo, + - 

where V,, is the output voltage of the comparator CO, Vonet 
is the net voltage on the input terminal of CO The curve of 
Vo,(Vz) is shown in Fig. 4. 

In latter analysis we will assume that V,, V, and y Z 3  have 
been normalized, that is, V, = V;, V, = Vc and Kj = yz', 
unless otherwise stated, where V, and V, are the maximum 
voltage which the converter can convert and the input signal 
voltage, respectively. 

In order to form the 0th bit of the A/D converter, V,, (Vz) of 
the 0th comparator must satisfy the function shown in Fig. 3. 
Equation (2) can describe this condition. 

In (4), only V,, V,, , V,, , and V,, are variables, but the 
latter three variables are also functions of V,. The functions 
V,, (V,), V,, (V,) and V,, (V,) are shown in Fig. 4. Therefore, 

When V, changes, in the region V, # k ( k  = 
0,1 ,2 ,  . . . ,15), all outputs bits of the converter remain 
constant. This case is deduced by differentiating (4) with 
respect to V,. 
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Fig. 4. Transfer function of the 3-bit A/D converter. 
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Fig. 5. The performance of Vo,,,(Vz). (a) Equation (9) cannot be satisfied. @) Equation (9) can be satisfied. 

Equation (6) shows an important property of Vonet(V,): 
The derivative of Vonet(V,) in (4) is a constant, YO, if 
v, # k .  

Another property of Vonet ( V,) can be described by (7) 

D ( k )  = lim{Vonet(k + E )  - VOnet(k - E ) } .  (7) 
€ 4 0  

The results for different values of V, = k are shown in Table I. 
Table I shows that if the condition described by (8) is 

satisfied and V, is negative, D ( k )  must be negative. 

y, > 2 Y j  (8) 
3=O 

The performance of D ( k )  shows that 
When V, increases continuously, VOnet falls abruptly ut 
points where Vx = 2k. 
These two properties of the function Knet(Vz) are shown 

in Fig. 5. The points on the curve at V, = (25 - 1) ( k  = 
1 , 2 ,  . . . , S) can be adjusted by choosing different values for 

conductances Y, and Yoz ( i  = 1,2,3). These conductances 
can be made to satisfy Eq. (9) to obtain the curve b shown in 
Fig. 5. In this way, the bit number extension will be can be 
made if the conductances Y, and Yo1 are known. 

~netlv~=2K-1 = O  ( k = 1 , 2 , . . . , 8 ) .  (9) 
To calculate for the values of the conductances required, a 

matrix equation is set up with (4) and (9) for k varying from 
1 to 8, as there are eight transitions for the lowest bit in a 
4-bit A/I4 converter. 

Y . V = O  (10) 
where 
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YO* yo1 yo2 

YO, 2*YO,.V,/V, 2.Y,, 4.y01 

Parameter y,, 

y 3 r  

y z r  

y,, 

YO, 

Yi1 y, yI3 

2*Y,;VJV, 

2.Y12 2.Y,;VJVc 

2.Y,.VJVc 2.YOl 4.Y01 

and 
0 = [0 0 0 0 0 0 0 O]T.  (13) 

The conductance values from the solution of (10) will ensure 
that the transfer function shown as the curve b in Fig. 5 is 
obtained, ensuring that (3) is satisfied. Therefore, the solution 
of (10) is also the solution of (3), and the function described 
by (2) can be performed when the conductances obtained from 
the solution of (10) are used. 

Equation (10) contains 8 equations with 5 unknown param- 
eters. If the solution base of (10) can be formed from five rows 
in the matrix Y that are linear-independent, the solution must 
be that all parameters are zero. It is clear that this solution 
is not the one we need. To obtain an effective solution, one 
parameter can be selected as reference parameter, and the 
solution base can be formed from four rows in the matrix 
Y that are linear-independent. 

In our solution we select the lst, 2nd, 3rd, and 5th row to 
form the base of the solution as they are linear-independent. 
Equation (10) is then solved with the following equation 

YoT in (14) is chosen as the reference parameter as the number 
of parameters exceed the number of equations by 1. The 
solution is shown in Table 11. 

Thus with the extended circuit shown in Fig. 2 and the 
conductances shown in Table 11, a 3-bit A/D converter can 
be extended to a 4-bit AID converter. The above extending 
procedure shows, the nature of the 4-bit converter in stability 
is determined by the 3-bit converter contained. If the 3-bit 
converter is stable, the 4-bit converter obtained is also stable. 
This bit extension process forms the basis of the novel design 

vr vx 
(Analog In)  

out 

Fig. 6. A 1-bit A/D converter formed by comparator and resistors. 

technique for A/D converters based on a hierarchic network 
proposed. 

IV. DESIGNING A/D CONVERTERS 
WITH HIERARCHIC NETWORKS 

The analysis above showed that it is easy to extend a 3-bit 
A/D converter to a 4-bit converter by adding an extra branch 
circuit, as shown in Fig. 2. Similarly, a 3-bit A/D converter 
can be achieved by adding a branch circuit to a 2-bit one, and 
so forth. Using this analogy, a single 1-bit A/D converter can 
be achieved which will act as the building block for an A/D 
converter with arbitrary number of bits. 

Fig. 6 shows a 1-bit converter formed by a comparator and 
two resistors. Fig. 7 shows the circuit of a 4-bit A/D converter 
extended from the 1-bit converter, and its calculated parameter 
values are shown in Table 111. The circuit in Fig. 7 is an 
asymmetrical network, and it is also a hierarchic network as the 
output of the lower bit circuits are "governed" by the higher 
bit circuits. 

From Table 111, it can be seen that all the conductances, Y,, 
and K3, have a regular order, that is, 
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TABLE IV 
THE C o m u c r ~ “  OF THE ~ O - B I T  A D  CONVERTER 

Fig. 7. A 4-bit A/D converter based on the hierarchic network. 

It is thus easy to deduce the conductances with this order in 
the designs of higher bit number A/D converters. For example, 
the conductances of a 10-bit AID converter are deduced and 
shown in Table IV, with P = V,/V,. 

V. HARDWARE IMPLEMENTATION 

Several important details need to be considered in the 
hardware implementation of the A/D converter. The value of 
reference voltage, V,, as well as the value of the resistors 
connected to the reference voltage, R,,, need to be selected 
so that the other resistors have practical values. For the 
optimal operation of the converter, high speed comparators 
are preferable. As the output of the comparators corresponding 
to the higher significant bits are required to drive those 
comparators corresponding to the lower bits, the fan-out ability 
of the comparator (i.e., the number of comparators that can be 
driven by a single similar comparator without degradation of 
its output voltage) should be good. Also the output voltages 
of the comparators need to be accurate as well as stable to 
ensure good operation of the A/D converter. 

To check the feasibility of the proposed methodology, 
we built a 5-bit converter and a IO-bit converter which is 
developed from the 5-bit converter with discrete components, 
see Fig. 8. In our implementation, the following values were 
chosen, V, = -5  V, V, = 12 V and Vr = -5 V. These 

L 
I 

i 
i 

I 

Fig 8 
network 

The prototype of 10-bit A/D converter based on the hierarchic 

voltage values are chosen as they are readily available from 
power supplies and the voltage regulators commonly used. 

VI. ANALYSIS OF NONLINEARITY 

The A/D converter proposed is formed by comparators and 
resistors. Its performance is certainly related to the character- 
istics of these components. In the following, the nonlinearity 
of the converter will be analyzed for a clear understanding of 
the influence of the precision of components and other related 
values. 

An N-bit converter proposed has N comparators. The 
highest bit is ( N  - 1)-bit and lowest bit is 0-bit (see Fig. 8). 
The input voltage of the ith bit is 
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This equation shows that variations in some resistor values, 
comparator performance and output voltages of the higher 
bits, and reference voltage, can affect the value of the input 
voltage of the ith comparator. From this equation, the dif- 
ferential of Knet can be deduced and its expression is (18) 
(see (18) at the bottom of the page). Consider the relation 
shown in (15) and (16), and letting V, = Vr, (18) can be 
rewritten as (see (19) at the bottom of the page) Equation (19) 
shows the error sources of Knet can be classified into three 
parts: 

1) the inaccuracy of the reference voltage; 
2) the inaccuracy of the resistor values in the ith branch 

3) the error from the higher bits. 

The error from the reference voltage can be reduced easily 
as it is not difficult to build up a high-precision reference 
voltage source. The influence of the errors from the output 
voltages of the higher bit comparators is more significant than 
the inaccuracy in the resistors in the local branch circuit. This 
can be seen from (19). The equation shows also that the higher 
the bit number, the stronger the influence of its output voltage. 
This is actually a characteristic of the hierarchic network 
structure. 

The inaccuracy of the high bit Vok is due to the error of the 
output voltage of the kth comparator which is related to the 
electrical characteristic of the comparator and the inaccuracy 
of the input voltage of this comparator, Vknet. They can be 
reduced by using suitable drive circuits and accurate resistors 
in the higher bit branch circuits, respectively. 

In our prototype of the 5-bit converter, 1% error discrete 
resistors are used. The integral-nonlinearity and differential- 
nonlinearity of the converter are shown in Figs. 9 and 10, 
respectively. 

circuit; 

VII. DISCUSSION AND CONCLUSION 

A method for designing A/D converters based on a hier- 
archic network is introduced. In some papers these networks 
are considered as a type of “neural network,” implemented 
with comparators as neurons and resistors as synaptic weights 
[1]-[4]. Here, the weights are calculated, but not found by 
“training” as in most of the other neural networks. 

The network introduced in this paper has feedback paths, 
but, it is a hierarchic asymmetrical network as the outputs 
of the lower levels (which form the lower bit outputs) are 
“governed” by the outputs of higher levels (which form the 
higher bit outputs) and the input signal. When the higher bit 
outputs are stable, the responses of the lower bits are not 
dynamic. The A/D converter based on a hierarchic network 
can be implemented conveniently. However, the resistors 
used in implementing the A/D converter must be as close 
as possible to theoretical values. This is because resistors 
determine the strength of the input signal of the processing 
element (comparator). It must be pointed out that the errors 
in resistance values are one source of error in the conversa- 
tion. 

The effects of the output resistance of comparators must 
be considered in the design. They can be considered as one 
part of YZ3, unless their values are much smaller than the 
theoretical value. Therefore, in order to get good accuracy, the 
performance of the output resistors must be analyzed carefully 
and the value level of x3 should also be selected carefully in 
the design procedure. 

The accuracy of the output voltages of the comparators are 
very important, especially for the higher order bits as they are 
fed back to the inputs of the lower significant bits and the 
accumulated error will be presented to the input of the lower 
significant bits which in turn will produce an inaccurate output. 
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F1g 9 The integral nonlineanty of the 5-blt A D  converter based on the hierarchic network. 

0.2 

0 

-5.2 

4.4 

-1 

Fig. 10 The differential nonlineanty of the 5-bit AID converter based on the hierarclc network 

The advantages of the A/D converter introduced in this of comparator. Thus, high-speed A/D converters can be 
paper are realized. 

Simplicity: The circuit is extremely simple and therefore 
is easily fabricated as an integrated circuit chip. It is 
simpler in comparison with the Hopfield A/D converter. 
For an N-bit converter, only 1 /2  . N . ( N  + 1) resistors 
are needed to form the weights of the network (In the 
Hopfield converter, the number is N .  ( N  - 1)). 
Speed: For the N-bit A/D converter, the longest conver- 
sion time is almost N .  t,, where t ,  is the turn over time 

3 )  No clock signals required It is troublesome to add a 
clock timer to A/D converters and to do additional 
tuning of the clock pulse to suit the requirements of the 
converter. The A D  converter based on the hierarchic 
network eliminates the need for a clock signal. 

4) No local minimumpoints: The Hopfield network does not 
always go from an old state to the nearest new stable 
state. Because of this, the Hopfield A/D converter has to 
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be reinitialized after every conversion. This requires the 
use of a high frequency clock signal generator. The new 
proposed A/D converter dose not have this problem as 
it does not have any local minimum points. Its output 
will simply change with respect to the input signal. 
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