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Abstract: This paper describes a simple routing control system. We propose achieving high-speed 
data transmission without modifying the data frame configuration. To add a routing control signal, 
called the "labeling signal" in this paper, to the data frame, we use a frequency modulation 
technique on the transmitted frame. This means you need not change the data frame when you 
transmit additional signals. Using a prototype system comprising a field-programmable gate array 
and discrete elements, we investigate the system performance and devise a method to achieve high 
resolution. A three-channel routing control for a 10 Gb/s data frame was achieved, which confirms 
the advantages of the proposed system.     
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1. Introduction 

Currently, communications systems transmit and 
receive a large amount of information. Therefore, the 
capacity of optical communications systems supporting 
transmission paths has been improved [1, 2]. Optical 
communications systems comprise a wide variety of 
network environments, including local area networks 
(LANs) and wide area networks (WANs). Basic 
transmission techniques for optical communications 
systems include Synchronous Optical NETwork/ 
Synchronous Digital Hierarchy [3], comprising a WAN 
and standards such as Ethernet [4], which comprises a 
LAN. These systems use data frames, where 
configurations are defined according to certain 
specifications [5, 6]. To transmit additional information, 
additional data must be embedded into the frame in 
conventional systems. This means the data frames are 
rewritten after storing them in the processor. This 
subsequently leads to big changes in the system and 
increased processor loads. In this paper, we describe a 
simple routing control system that does not require data 
frame modification (Fig. 1), where frequency modulation 
will process the data frame in accordance with an 
additional signal called a "labeling signal" [7]. 
Conventional frequency modulation transmission will 

process a carrier wave by using a data signal as a 
modulation signal [8], but we process the data signal by 
using the labeling signal as a modulation signal. 

In the proposed system, the frequency-modulated data 
frame is transmitted. The receiver has a delay detection 
circuit for demodulation to discriminate the labeling signal. 
The routing control circuit selects the channel to transmit the 
data signal according to the labeling signal. Without 
changing the data frame, this system can easily achieve 
routing at the receiver. Using a test system comprising a 
field-programmable gate array (FPGA) and discrete 
elements, we investigated system performance and devised a 
method of achieving high resolution. Three-channel routing 
control for a 10 Gb/s data frame was achieved, which 
confirms that the proposed system is flexible and useful. 

Fig. 1. Overview of simple routing control system. 
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2. Labeling Signal Transmission Method 

Fig. 2 shows the proposed system’s structure. The 
system’s main concept is transmitting the labeling signal, 
which is a routing control signal, by frequency modulation. 
The transmitter generates a modulated data frame, and the 
receiver demodulates the labeling signal from frequency 
shifts in the modulated data frame. These operations are 
described below. 

2.1 Transmitter 
Frequency modulation is performed in the transmitter 

by using a frequency-modulated signal based on the 
labeling signal (Fig. 2). The modulation method 
synchronizes the data frame to the frequency modulation 
wave. This makes a modulated data frame, and its 
frequency is shifted continuously. The bit rate of the 
modulated data frame is fc ± Δf [b/s], where fc is the 
reference bit rate, and Δf is the frequency shift of the 
transmitter output. Therefore, the modulated signal is 
added as a frequency shift to the data frame, which 
transmits the labeling signal. 

2.2 Receiver 
The demodulation circuit is a delay detection circuit [9], 

as shown in Fig. 3. The modulated data frame includes the 
labeling signal as a frequency shift. Therefore, it is 
possible to demodulate the labeling signal by detecting the 
number of frequency shifts in the received signal.  

The delay module of the delay detection circuit was 
designed so that the phase difference would be π/2 [rad] at 
the time of the reference bit rate. The delay detection 
circuit performs a phase comparison between receive 
signal and delay signal generated by the delay module. 
When there is no modulation, high- and low-level pulses 
of the EXOR output are the same width, and the duty ratio 
becomes 50% (Fig. 4). With modulation, frequency shifts 
appear, and the phase shift volume of the EXOR input is 
increased. Therefore, the low-level pulse of the EXOR 
output becomes narrow, and the duty ratio is increased 
(Fig. 4). This detects the number of frequency shifts as the 
number of phase shifts. The average voltage is the output 
through the low-pass filter (LPF) in accordance with the 
number of phase shifts. This performs labeling signal 
demodulation, and the routing control circuit switches 

channels by using the labeling signal as a routing control 
signal. 

3. Changing Output Voltage by Using 
Frequency Modulation 

Fig. 5 shows the change in the LPF output voltage by 
using frequency modulation. Since the change depends on 
the EXOR duty ratio, the LPF output voltage changes in 
response to the change of frequency shifts. The LPF output 
changes in accordance with the charge and discharge of a 
capacitor, and the desired peak voltage of the EXOR 
output occurs when the input signal pattern is a 
continuance of the high and low levels. Therefore, when 
that pattern appears, the data frame has a clock pattern that 
enables us to detect the labeling signal.  

However, actual data frames have random patterns, so 
there is a possibility that the same signal will be generated 
continuously. If so, the signal will be input to the delay 
detection circuit, and the EXOR output signal will be 
continuously low. Therefore, the EXOR output appears 
only when different signals are continuously generated. 

Fig. 2. Configuration of the proposed routing control 
system. 

 

Fig. 3. Delay detection circuit structure. 

 

Fig. 4. Operation of delay detection circuit. 

 

 

Fig. 5. Output change of delay detection circuit. 
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This means it is possible to demodulate the labeling signal 
by detecting a change in the maximum peak value ΔV (Fig. 
5). The problem that occurs then is that the detection 
characteristic depends on the data frame pattern. 

4. Improved Demodulation Circuit  

When using a conventional delay detection circuit for 
demodulation, the duty ratio change is half of the 
amplitude voltage, and it is difficult to detect changes in 
frequency shifts with an LPF. To address this problem, we 
studied methods to improve resolution detection from two 
points of view. First, we thought a logical circuit 
configuration to increase the change of the output amount. 
Second, we used a transient response characteristic to 
examine operation characteristics in the transient response 
of the logical circuit. These methods are explained in detail 
in the following subsections. 

4.1 Logical Circuit Configuration 
When there is no modulation, the duty ratio of the 

EXOR output is 50%. Therefore, when using a 
conventional delay detection circuit, the change in the 
EXOR output duty ratio that modulation produces is as 
much as 50%. If the amount of this change is increased, 
the output change produced by frequency shift becomes 
large and leads to high detection resolution. We devised an 
improved delay detection circuit that increases the amount 
of duty ratio change (Fig. 6). The circuit comprises two 
delay circuits and two EXORs, and gets the AND of the 
two EXOR outputs. 

Fig. 7 shows the circuit’s operation. When there is no 
modulation (at the reference bit rate of 10 Gb/s), the phase 
difference between EXOR1 and EXOR2 outputs is π [rad]. 
Therefore, high-level pulses of the two EXOR outputs are 
not duplicates, so the AND output is always a low level. 
However, when there is modulation, the frame bit rate 
becomes high-frequency, and the low-level pulse of the 
EXOR output becomes narrow. Consequently, a duplicate 
period of high levels in the EXOR output appears, and the 
AND output also appears. This means that with our 
improved circuit, the high-level pulse width of the AND 
output gradually increases as the input bit rate becomes 
higher than the reference bit rate. Fig. 8 shows the circuit’s 
frequency characteristic. The duty ratio change of the 
EXOR output is expressed in Eq. (1): 
 

 
 (1)

 
 
where fc indicates the reference bit rate, and f indicates the 
input bit rate. Here, the EXOR output duty ratio is equal to 
the conventional delay detection circuit output. When 
frequency modulation is performed, the amount of change 
in frequency modulation appears when the input bit rate 
becomes higher than the reference bit rate. Therefore, the 
duty ratio change produced by frequency modulation can 
be also expressed with Eq. (2): 

 
 (2)

 
 
On the other hand, the duty ratio change of the AND 

output can be expressed by Eq. (3), and the duty ratio 
change produced by frequency modulation can be 
expressed by Eq. (4).  

 

 
 (3)

 

  
(4)

 
 
With our improved circuit, the duty ratio is increased 

Fig. 6. Improved delay detection circuit structure. 
 

 
 
Fig. 7. Operation of improved delay detection circuit. 
 

 

Fig. 8. Duty ratio of improved delay detection circuit.
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when the input bit rate becomes higher than the reference 
bit rate. Therefore, the circuit produces twice as much duty 
ratio change as a conventional circuit. Output changes in 
the frequency modulation appear in the period when the 
input bit rate is higher than the reference bit rate, so the 
improved circuit has superior detection characteristics. 

4.2 Transient response characteristic 
When using a conventional delay detection circuit, we 

detect the duty ratio change with an LPF. However, this 
makes it difficult to get the amount of rapid changes, 
which depends on the input data pattern. Accordingly, we 
developed a detection method using our improved circuit 
without an LPF, focusing on the transient response 
characteristic of the AND circuit. Actual signal waves 
have a transient response period, so a rise time and a fall 
time occur. Therefore, the EXOR output, which is also the 
AND input, resembles a trapezoidal wave. Fig. 9 shows an 
ideal time chart and transient response. 

For the ideal time chart shown in Fig. 9(a), the phase 
difference between EXOR1 and EXOR2 outputs is π [rad] 
at no modulation, so these signals are not duplicates. When 
frequency modulation is performed, the low-level pulse 
width of the EXOR output becomes narrow, so a duplicate 
period of the EXOR output high level occurs. On the other 
hand, the actual signals have a transient response, so the 

cross point of the EXOR output appears, as shown in Fig. 
9(b). This level depends on the duplicate period of the 
EXOR output’s high level. When the duplicate period 
becomes long, the cross-point level becomes higher. This 
means that the change in the cross point corresponds to the 
AND input voltage. Therefore, modulation changes the 
peak voltage of the AND output, as shown in Fig. 9(c). 
This means it is possible to demodulate the labeling signal 
by detecting a change in the maximum peak value, ΔV. 

With a conventional delay detection circuit, the LPF 
output voltage rises when different signals of the input data 
frame are continuous, like a clock pattern, so that pattern 
dependence of the detecting characteristic becomes a 
problem. However, with the improved delay detection 
circuit, we can detect the AND output peak voltage 
coresponding to the labeling signal. The AND output 
appears at the switching of the sign in data frames. 
Therefore, there is no pattern dependence of the detecting 
characteristic, which confirms the advantages of the 
improved circuit.  

5. Experimental Results 

To ascertain the performance of the proposed routing 
control system and the improved delay detection circuit, 
we designed a test environment with an FPGA and discrete 
elements (Fig. 10), which corresponds to the proposed 
system’s structure (Fig. 2). 

To achieve frequency modulation in the transmitter, a 
frequency-modulated signal is input to the reference clock 
of a pulse-pattern-generator (PPG). The PPG outputs a 
data frame synchronized with the reference clock so that 
the PPG output signal becomes the modulated data frame, 
which corresponds to the frequency modulated signal as 
the labeling signal. The receiver comprises a delay 
detection circuit, an amplifier, and routing control modules. 
Both the conventional and improved delay detection 
circuits are designed by using IC evaluation boards and 
discrete elements. The FPGA comprises the routing 
control modules. Using the FPGA boards, we detect the 
change in the amplifier output voltage and demodulate the 
labeling signal as a routing signal. Therefore, we can 
switch the transmission channel. First, to conduct an 

Fig. 9. Transient response of each signal. 

 

Fig. 10. Measurement environment with FPGA and discrete elements. 
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experiment on the proposed routing control system, we 
investigated the characteristics of frequency modulation 
and the delay detection circuit. We then performed a 
routing control experiment for the proposed system for 10 
Gb/s data transmission and compared the detection 
characteristics of the conventional and improved types. 
The results are described below. 

5.1 Frequency modulation characteristic 
Fig. 11 shows the frequency spectrum of the PPG 

output data frame. We inputted the frequency modulated 
signal to the PPG reference clock. The PPG output signal 
was a 10 Gb/s, PN7, pseudo random bit sequence. The 
PRBS signal has a lot of bit rate signals, so a spectrum 
envelope appears. The spectrum envelope comprises many 
frequency spectra. With no modulation, the specific 
spectra appear at regular intervals, as seen in Fig. 11(a). 
On the other hand, we ascertained the frequency spectra 
shifted with modulation, as seen in Fig. 11(b). The regular 
intervals of the spectrum envelope depend on the bit rate 
and PRBS pattern. Since the PRBS pattern is constant, this 
suggests that the bit rate of the data frame shifted, and that 
frequency modulation was achieved. 

By comparing the no-modulation time, we confirmed 
that the data-frame frequency shifts in accordance with the 
frequency modulation, and that the maximum frequency 
shift value is about 15 MHz (30 Mb/s). Since we used a 
special modulation method in this study, we were able to 
identify only three modulation patterns (Δf = 0 Mb/s, 20 
Mb/s, and 30 Mb/s). Therefore, the number of switching 
channels became three. 

5.2 Delay detection circuit characteristic 
We used a sampling oscilloscope to ascertain the delay 

detection circuit’s detection characteristic. Figs. 12 and 13 
show the measured waveforms. For the reference bit rate 
(10 Gb/s) the same pulse widths were obtained for the high 
and low levels in the EXOR output, as seen in Fig. 12(a). 
On the other hand, the bit rate became higher and the low 
pulse width became narrow, as in Fig. 12(b). The bit rate 
difference produces a change in the low pulse width of the 
EXOR output.  

We then focused on the AND output waveform. For 10 
Gb/s, the AND output had the low transient response seen 

in Fig. 13(a). This is a consequence of the EXOR output 
rise and fall time. Additionally, the bit rate becomes higher, 
the high pulse width becomes longer, and the peak voltage 
is increased, which is seen in Fig. 13(b). The duplicate 
period of the EXOR-output high level appears in the high-
frequency period. Therefore, the pulse width and peak 
voltage of the AND output changed. These results agree 
with those obtained for ideal operations. 

Next, we measured the voltage change in each delay 
detection circuit, using the following methodology. For the 
conventional delay detection circuit, we measured the 
average LPF output voltage and the amount of change in 
the bit rate. For the improved delay detection circuit, we 
connected the peak-hold circuit to detect the AND output 
peak voltage, and measured the amount of output change 
in the bit rate. Fig. 14 shows a graph of the experimental 
results. The change in the delay detection circuit output 
(the y-axis) indicates the amount of change in the output 
voltage between the reference bit rate and each bit rate.  

For the conventional delay detection circuit, the output 
change increases corresponding to the input bit rate, and 
the gradient of change is constant in every bit-rate region. 
However, using the improved delay detection circuit, the 

          (a) No modulation                             (b) Modulation 

Fig. 11. Frequency spectrum of data frame. 

          (a) Bit rate: 10 Gb/s                    (b) Bit rate: 12 Gb/s 

Fig. 12. EXOR output waveforms. 
 

          (a) Bit rate: 10 Gb/s                   (b) Bit rate: 12 Gb/s 

Fig. 13. AND output waveforms. 
 

Fig. 14. Change in delay detection circuit output. 
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output is constant until the 10 Gb/s reference bit rate is 
reached. Furthermore, the output change increases in the 
region where the bit rate is higher than the reference, and 
the maximum amount of change is about three times more 
than the conventional type. According to the experiment 
results, the improved circuit we developed has very 
advantageous detection characteristics. 

5.3 Routing control experiment 
We used the modulation and detection characteristics 

obtained in the experiments to investigate the proposed 
system’s performance. Fig. 15 shows the actual 
measurement environment used for the conventional circuit, 
which includes a routing control module comprising an 
FPGA. It demodulates the labeling signal, which is a routing 
control signal, by detecting the output of the delay detection 
circuit, and switches to an output channel corresponding to 
the labeling signal. According to the frequency modulation 
characteristic in the transmitter, the labeling signal has a 
value of 3, and the maximum frequency shift value is 30 
Mb/s. This is in accordance with the detection characteristic 
of the receiver’s delay detection circuit, so it is difficult to 
detect the frequency shift with the delay detection circuit 
alone. Accordingly, we used an amplifier (AMP in Figs. 10 
and 15) for the FPGA input. The amplifier was grounded to 
the emitter amplifier circuit. 

First, using the conventional delay detection circuit in 
the receiver, we performed routing control for 10 Gb/s data 
transmission. There were three output channels, because 

the labeling signal had a value of 3. The modulated data 
frame (which is the PPG output) is input to the receiver, 
which is the delay detection circuit and the FPGA. Fig. 16 
shows the waveform of each node in the measurement 
environment. Since the waveform of the delay detection 
circuit output is inverted by the AMP, the change in the 
output peak voltage of the delay detection circuit appears 
at the minimum levels. Channels 1 and 3 are the output 
channels for 10 Gb/s data transmission. Fig. 16 shows that 
the delay detection circuit output changes in accordance 
with the frequency shift of the modulation period. At the 
same time, the received signal (the labeling signal 
demodulated by the FPGA) changes. Finally, the output 
channel switches from Channel 1 to Channel 3. By 
detecting this as the labeling signal, three-channel 
switching is achieved. 

We next used the same experimental method to 
ascertain our improved circuit’s performance. The 
obtained results confirmed the channel-switching operation 
was the same as the conventional type, thus suggesting the 
desired operation was achieved. 

Next, we measured the amount of change in the circuit 
output for both the conventional circuit and our improved 
circuit. Table 1 shows the changes in the peak voltage for 
both outputs. Channel 1 shows the no-modulation case, so 
its frequency shift is 0 Mb/s. The change in peak voltage 
means the amount of change in the output voltage between 
Channel 1 and the other channels. The table shows that ΔV 
changes correspond to the channels. For our improved 
circuit, the maximum amount of change is about four times 

 

Fig. 15. Actual measurement environment (conventional delay detection circuit). 
 

 

Fig. 16. Node waveforms in the measurement environment (conventional delay detection circuit). 
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greater than for the conventional circuit. Since we had only 
three channels because of the modulation characteristic, it 
is difficult to consider how much the number of output 
channels could be increased by using the improved circuit. 
However, the amount of change corresponds to the 
increase in frequency shift. If a more variable modulation 
circuit is developed, using our improved circuit will enable 
an increased number of output channels. 

6. Conclusion 

This paper described a proposed simple routing control 
system that makes changing data frames unnecessary. The 
system easily achieves routing at the receiver, thus 
preventing major changes in the system and any increase 
in processor load, both key factors in next-generation 
communications systems. Experiment results with an 
FPGA and discrete elements demonstrated switching for a 
10 Gb/s data frame. An improved delay detection circuit 
we developed has advantageous detection characteristics, 
and makes it possible to develop a high-resolution receiver. 
Three-channel routing control was achieved, enabling us to 
confirm the advantages of the proposed control system and 
the improved delay detection circuit. 
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