
 

 

 



 

 

 



 

 

 

Populärvetenskaplig sammanfattning  

Det etablerade sättet att styra de flesta elektriska system har alltid varit att sända effekt och 

styrsignal separat. På grund av detta måste fler kablar användas, vilket leder till ökad vikt och 

svårare installation. Detta leder även till högre kostnader och mer materialåtgång, därför finns 

det en drivkraft att förenkla och förbättra de nuvarande lösningarna. 

På senare tid har det presenterats en rad olika sätt att överföra både effekt och signal på 

samma ledare. Även om dessa system har en mer komplicerad kretsdesign så bidrar de till en 

enklare och billigare produkt. Dessa produkter är framför allt designade för bilindustrin, då 

vikt och pris är viktiga faktorer i produktionen. Eftersom bilindustrin arbetar i en begränsad 

miljö så har räckvidden på de existerande systemen blivit nedprioriterad till förmån för 

datahastighet. Axis Communications är ett företag som till större delen använder sig av 

Power over Ethernet för att skicka data och effekt över relativt långa sträckor. Eftersom 

räckvidden är viktig för dem finns det en drivkraft att ta fram en alternativ lösning till de sätt 

som används i bilindustrin. 

Det här projektet har skapat en prototyp till en sådan lösning. En dataström på upp till 17 

Mbps samt effekt har skickats 100 meter på en vanlig högtalarkabel. Lösningen är baserad på 

RS-485 protokollet, men kräver en alternerande bitström för att kunna fungera.  
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Project description 
The established way of controlling most electrical systems has always been to separate the 

data transmission and power supply into a different wire pairs. This causes issues such as 

added weight, cost and installation complexity to the electrical solution. Industries that are 

dependent on keeping these issues to a minimum, such as the automotive industry, have an 

incentive to find a solution.  

 

In recent years viable solutions for power over data line-transmissions have been presented. 

Although being a more complex design than the classic solution of separated power and data, 

they bring advantages in installation complexity, cost efficiency and keeping down weight by 

using less amount of wiring than before. The problem with existing solutions is that they are 

mainly made for the automotive industry with a limited transmission range and a power 

supply that fits the inner workings of a car design. Axis Communications is a company which 

have greater ambitions for this type of technology, that puts a higher demand on transmission 

range and power. At the same time other aspects of existing systems are over dimensioned for 

Axis intended use, such as bit rate and duplexity. 

 

Project goal 
The goal of this project has been to design and build a hardware-oriented prototype of a 

system which allows for transmission of a digital signal and power over the same pair of 

wires. This prototype has been tested and compared to already existing systems for the same 

type of transmission. The design process has considered electrical and protocol aspects of the 

transmission with the goal to improve distance as a priority over other features. 

The system has succeeded to achieve 17 MHz frequency transmission, which results in a bit 

rate of 17 Mbit if Manchester code is used. This was achieved with 100 metres of untwisted 

audio cable and 400 metres of CAT5 cable with decent signal recovery. These numbers have 

been constrained due to cabling shortage and thus the upper limit is not known.  
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Delimitations 
This project will investigate what type of protocol is needed for said prototype but will not 

develop a final solution. The project will rather make a hardware preparation for suggested 

implementation. The investigation will be considered a documentation for future works 

within Axis. 

Approximations and simplifications 
Because this system was proof of concept rather than an actual product, a few simplifications 

and approximations were made. 

 

All passive components were approximated to be ideal. For example, the internal resistance 

and inductance of a capacitor were disregarded when designing the circuit. This is a 

reasonable approximation for a prototype since the components are not the actual ones that 

would be used in reality. 

 

All conductors apart from the cables between the sender and the slave were seen as ideal. The 

motivation was that if there was noise or losses in these conductors it should still be much 

lower than in the cables between the cards. It was also possible because the signal needs to 

pass through a Schmitt trigger before it is seen as a proper output. The Schmitt trigger will 

reshape the signal as long as it is not too distorted, which it was not.  

 

The final approximation was the termination resistor. The termination should match the 

characteristic impedance of the cable used, but for this project it was set to a constant 100 Ω 

regardless of cable. This is a good enough value to work with every cable tested and the 

characteristic impedance of a power cord was not specified in the datasheet. Different 

resistance values were tested but the difference was not big enough for it to matter in the end 

result. However, it is advised that the termination for future systems is considered more 

carefully, especially if a higher frequency is desired.  
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During this project no standards or safety measurements were considered, if this is to be used 

in a commercial product this would have to be taken care of. The system has not been tested 

to see if it can handle a surge or burst and there are no fuses or protective diodes. 

Specification 
The system was designed after a set specification given by the system requester. The 

specification was: 

 

● Power and data transmission on the same pair of wires 

● At a range of at least 40 metres 

● A data throughput of 768 kBit 

● Semi-duplexity 

● 90 W of power output supply 

● No hearable noise 

● A theoretical maximum of 18 slave-units per master-unit (90W/5W=18) 
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Terminology and abbreviations 
I2C - Inter-Integrated Circuit, a low speed serial communication bus often used to 

communication between microprocessors 

I2S - Inter-IC Sound, a bus used to transfer pulse-code modulated audio 

bps - Bits per second 

DC - Direct current 

Bd - Baud 

TTL - Transistor-transistor logic 

LS - Low-power Schottky 

HCT - High-speed CMOS with TTL voltages 

IC - Integrated circuit 

I/O - Input/Output 

MOSFET - Metal-oxide-semiconductor field-effect transistor 

CMOS - complementary metal-oxide-semiconductor 

RF - Radio frequency 

PCB - printed circuit board 

PDM - pulse-density modulation 

PAM - pulse-amplitude modulation 

CAT5 - Category 5 cable, regular ethernet cable with 8 conductors divided into 4 twisted 

pairs.  

SNR - Signal to Noise Ratio  
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1 - Theory 

Logic circuits1 
Logic circuits are digital, meaning they work between a high and a low value. Different logic 

circuits have defined a digital signal differently and will trigger on different logic levels. 

Where the input voltage signal that is considered a low is written as VIL and considered a 

high is written VIH. This project has utilized two types of digital signal standards, TTL and 

CMOS. Both standards use either a 0-5 V signal or a 0-3.3 V signal but will have different 

logic voltage levels. TTL has an input voltage VIL of 0.8 V for a low signal and VIH of 2.0 V 

for a high signal. The CMOS uses respectively VIL of 1.5 V and VIH of 3.5 V. For the output 

values they differ slightly more where the TTL accepts an output low voltage value VOL of 

0.35 V or lower, and an output high voltage VOH of 2.7 V and above. The same for CMOS is 

VOL of 0.2 V or lower and a VOH of 4.95 V. The functionality difference between CMOS and 

TTL logics is that the CMOS output level is much closer to the supply voltage. 

This project used two different logic families to investigate how different families can have 

different interaction with a digital signal. The logic families used were the LS- and HC/HCT 

family.  

 

LS 
The LS family is made with Schottky transistors, these transistors have a lower voltage drop 

than regular transistors. This is because there is less charge stored in the base of the transistor, 

in turn this leads to a higher speed than a normal transistor as there is less charge to move in 

order to open or close the transistor. The LS family uses exclusively the TTL standard for 

I/O. Figure 1.1. shows a NAND gate from the LS family.  

                                                             

1 NUTS&VOLTS 



6 

 

 

Fig. 1.1 - The inner design of a NAND gate from the LS family with TTL I/O 

 

HC/HCT 
The HC family is a CMOS based standard that uses less electrical components than the LS 

family. The HC only operates on CMOS level I/O standard. The HCT family uses the same 

circuit design as the HC family but uses the TTL standard for input and the CMOS standard 

for output. This means that an HCT logic family needs to be used between a TTL and a HC 

family to ensure that a proper digital signal is forwarded in the system. 

Because the CMOS logics have no passive components the power consumption is lower than 

the LS family.  

 

 

Fig. 1.2 - The inner design of a NAND gate from the HCT family with CMOS I/O 
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Noise 
Noise is electromagnetic disturbances that get induced into the system. The noise with the 

highest magnitude is the 50 or 60 Hz noise from the electrical grid, this noise is everywhere 

and can be seen by simply holding oscilloscope probes in the air. Apart from this noise there 

are also high frequency radio signals from for example WiFi, there is also noise from 

electrical machines with switching converters in them. Although all noise gets induced in the 

system the filtering characteristics determines what noise frequencies will be relevant. 

 

Self-inductance 
When a current is passing through a conducting material an electromagnetic field is created 

that propagates around the material. When the direction of the current flow changes the 

magnetic field will counteract the change until the magnetic field collapses. A new magnetic 

field with reverse orientation is created with the current change that will try to counteract the 

next change in current direction. The phenomenon is called self-inductance and happens 

when an alternating current is flowing in a wire. Because it takes time for a magnetic field to 

collapse, the effects from the self-inductance is less noticeable when the frequency of the 

current direction change is low. When the frequency increases the timeslot gets too short for 

the magnetic field to collapse entirely and the effects of it increase. When frequencies go 

towards infinity the inductance gets infinitely large and the amount of current passing the 

conductor will be infinitesimal. This can be seen in formula 1, where f is the frequency.  

 

𝑍𝐿
𝑡𝑜𝑡 = 𝑗2𝜋𝑓𝐿/𝑚 × 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  (1) 

 

Due to the system containing non-ideal inductors and thus allowing a small portion of the 

signal passing through themselves, a mutual induction will occur. This mutual induction is 

small and will be considered as non-existing.  

 

Mutual capacitance 
Contrary to the inductive part of the impedance growing at higher frequencies the capacitive 

part will decline, see formula 2 where the frequency is in the denominator, and at a certain 
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point can be considered a short circuit meaning that at a high frequency the complex 

impedance of the cable will mainly be inductive.  

 

𝑍𝐶
𝑡𝑜𝑡 =

1

𝑗2𝜋𝑓𝐶
/𝑚 × 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒   (2) 

 

However, when talking about wires adjacent to each other a mutual capacitance will exist. 

The mutual capacitance behaves as a capacitor connected in parallel between the adjacent 

wires. At high frequencies this means that a leakage current between the wires will flow 

through the dielectric material surrounding the wires. This means less current goes where it 

should go. Also, when the signal changes state the capacitor will enter a brief transient period 

where the capacitor discharge stored charge which further distorts the signal together with the 

inductance. 

 

The digital signal 
The main consequence from the self-inductance and mutual capacitance in the system is a 

distorted signal. A digital signal, or square wave, is composed of many different sine waves 

of increasing frequency where the base wave has same frequency as the square wave itself. 

This can be seen when looking at the Fourier expansion of a square wave (3). Figure 1.3 

shows how big of an impact the high frequency components have on the waveform, even if 

they are of smaller magnitude than the low frequency ones. This means that if a good digital 

signal is desired, the system must allow high frequency components to pass.  

 

  (3) 
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Fig. 1.3 - A fourier serie showing the fundamental frequency together with the first 4 

harmonic. When the fourier serie consist of infinite harmonics a square wave will form. Here 

the overshoots before and after change of state is not showing. These are otherwise present. 

 

Because the self-inductance is considered to be in series with the wires and the mutual 

capacitance in parallel, both these parts are considered to act as low pass frequency filters, 

meaning that the higher frequencies that the square wave contains gets attenuated. This 

results in a square wave gets less sharp edges and with reduced rise and fall times. See figure 

1.4 and 1.5. 

 

Figure 1.4 - The blue line is a square wave with a resistive load and the red line is with an 

inductive load in series that represents the influence of the self-inductance. 
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Figure 1.5 - The blue line is a square wave with a resistive load and the red line is a 

capacitive load in parallel that represents the influence of the mutual capacitance. 

 

Duty cycle 
A result of the distorted signal, with reduced edge-sharpness and rise and fall times, is a 

distorted duty cycle. The trigger point for a high and a low signal get a bit shifted into the 

signal which means that an exact duty cycle is not preserved. These trigger points are 

normally not of a concern due to the steep rise and fall times of a square wave. As already 

stated different logic families have different logic voltage levels. This changes how the duty 

cycle is represented between the families on the same distorted signal. As shown in figures 

1.6 and 1.7 the duty cycle will come different with the same 50 % duty cycle signal 

depending on what logic family that is used. Here the HC family gets a better duty cycle 

reconstruction due to the logic levels laying closer to the middle of the signal. When shifted 

away from the center of the signal as the case in TTL logic levels from the LS family the duty 

cycle gets more distorted.  When a duty cycle is mentioned in this report it will refer to how 

much of a period that is a high. See figure 6 and 7. 
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Fig. 1.6 - Using the HC logic family that trigger on CMOS logic levels. The original signal is 

a square wave 0 V low and 5 V high. 

 

Fig 1.7 - Using the LS logic family that trigger on TTL logic levels. The original signal is a 

square wave 0 V low and 5 V high 

 

Choice of cable 
The choice of cable type also has an influence on the signal integrity. When using straight 

adjacent wires and alternating current flows in reverse direction to each other eddy current 

will be induced in the wires. The eddy current will be induced along the whole wire and when 

the current switch direction it will counteract the current as long as the magnetic field has not 

collapsed.  
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By twisting the wire around each other the magnetic field counter itself and the eddy current 

gets locked into smaller space along the wire. See figure 1.8 and 1.9. 

 

 

Fig. 1.8 and 1.9 - The picture to the left shows the induced magnetic field in a straight wire 

and the counter acting magnetic field in a twisted pair cable. The picture to the right shows 

the same magnetic field from above and how the eddy currents are induced relative to the 

magnetic field between the wires. 

 

The signal in this project does not change current direction but the system experiences a 

constant change in the current derivative which works in the same way for electromagnetic 

fields.  

Twisted pair cables also reduce induced noise from magnetic fields from the environment. 

The field between the two cables in figure 1.10 will be the only field inducing noise on the 

cable, this is because the field on the outer sides of the cable is symmetric and cancel each 

other out. If the cables are not twisted the field between the cables will induce positive noise 

on one cable and negative noise on the other.  

By twisting the wires the induced noise will alternate between positive and negative on each 

wire, this way it will cancel itself out. See figure 1.10. 
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Fig. 1.10 - The induced noise comes from a magnetic field that does not counteract itself but 

the effects from it is kept at a minimum with the help of a TP-cable. 

 

All cables used in the project are adjacent and run along each other in parallel which means 

that all induced noise in the cables are the same in both wires in the cable. 

If a very thin cable with high resistance is used the range of the system would be significantly 

lower than if a low resistance cable is used. Part of the project was to make sure it could work 

regardless of the cable used, to do this it was tested both on a CAT5 cable as well as power 

cord. The choices of these were because the CAT5 cable is designed to send high frequency 

data and still be able to handle 577 mA, and the power cord is a cheaper choice and not a 

very good kind of cable for a high frequency signal to travel on.  

 

Skin effect 
When the intensity of a current flow changes in conductors the induced magnetic field from 

the charge carriers changes. This induces eddy currents that revolve around the magnetic 

field. These currents limit the usable part of the conductor, forcing the current to move in the 

outer shell, the skin, instead of evenly spread out through the entire cross-sectional area. The 

eddy currents will counteract the current flow in the center of the conductor but have minimal 

effect at the conductor’s outer part. See figure 1.11 and 1.12. 
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Fig. 1.11 and 1.12 - The picture to the left shows how eddy currents are induced while the 

picture to the right shows the skin effect due to the eddy currents. The right picture shows the 

density of electrical current where red means a high density and white means a low density. 

 

At low frequencies the skin effect has little to no influence on the signal but its presence 

increases when the frequency increases. Signals with high frequency will experience the skin 

effect and therefore the signal will propagate almost exclusively on the surface of the 

conductor. This will affect the range the signal can be transmitted due to higher resistances 

from the decreased conductor area it can use. To reduce the skin effect conductors are often 

divided into many small strands of wire instead of one big wire. The effective area of the 

conductor will be the same, but the surface area of the conductor will be larger. This means 

that when the current is pushed to the edges it will have a larger area to spread out on than if 

there was only one solid conductor. 

As previously stated in this topic low frequency currents are not affected by the skin effect 

and thus the DC-component will flow evenly distributed across the area of the conductor.  

The DC-component transmits more power than the AC-component making the skin effect 

ignorable from a power supply perspective. 

 

Signal recovery 
When a digital signal is transmitted through a transmission line it will be distorted even if 

there is no electrical noise present. Because the transmission line is inductive the distortion 
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filters out the high frequency components of the square wave and leaves it looking more like 

a sine wave than a square wave.  

To retain the duty cycle sharp transitions are desired when detecting the signal. After a long 

cable the digital signal will be distorted, which could make signal recovery challenging.  

To improve signal quality at the receiving end of the transmission the attenuation 

characteristics can be approximated and countered either on the sending end of the system or 

the receiving end. Figure 1.13 shows the general idea of the problem and the two solutions.  

 

Fig. 1.13 - Illustration of pre-compensation and signal recovery to handle transmission 

losses. 

 

Pre-emphasis 
In wired communication pre-emphasis is when the communication channel is estimated and 

the sender adds a compensation for the attenuation on top of the digital signal. The general 

principle is that it checks every bit and if the bit changes it adds an offset. In the frequency 

domain this can be seen as enhancement of high frequency components to make the output 

frequencies look like the input frequencies. This could improve the signal quality at the 

receiver end if done correctly, but it will also consume more energy. When this method is 

used it will also increase the electrical noise around the cable, since it adds more high 

frequency components as well as a higher current. It could also prove to be problematic if the 

receivers are far from each other, if the signal is tuned to be good at 400 metres it might get 

distorted at 100 metres. 2 Figure 1.14 shows how the bit stream would look both with and 

without pre-emphasis. 

                                                             

2 ALTERA 
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Fig. 1.14 - Signal without and with pre-emphasis. 

 

Receiver equalization 
This method of signal restoration is when the energy of the transmitted signal is distributed 

equally on the frequencies of the transmitted signal. This can only be done if the frequency 

characteristics of the original signal are actually known. An easy way to do this is by either 

an active or a passive high pass filter, which blocks the low frequency components. There are 

also integrated equalization filters in some receiver circuit. This method also leaves the signal 

on the bus intact, it only alters the received signal. 

The downside of this is that it adds more circuitry on the receiver end of the system, this itself 

could harm the signal and add unwanted costs if the receiver units turn out complex. 3 

 

Encoding 
Apart from these more physical recovery methods there is also the possibility to send the data 

with error correcting code. An easy example of this is when one bit being transferred as three 

bits, the receiver then takes blocks of three bits and transforms them to one. This means if 

one bit is corrupted the other two will ensure the transmission is done correctly. However, 

this way the bandwidth needs to be three times as high. There are other ways to do this but 

the general principle is the same whether it is done for one bit or for blocks of bits.  

 

                                                             

3 Texas Instruments 
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Manchester code 
If there is a need for a clock signal to all devices, but there is no extra wire for it, the clock 

signal can be united with the data signal. This method is called self-clocking and an example 

of line code using this is Manchester code. When using a Manchester code, the clock 

frequency will be twice the data frequency. Every data bit will therefore be seen as two bits 

by the receiver. The logic behind Manchester code is that it takes the data bit and compares it 

to the clock with an XOR operation, the logic table can be seen in table 1.  

 

Data Clock Encoded bit 

0 

 

0 

1 

0 

1 

1 

 

0 

1 

1 

0 

Table 1 - Manchester logics 

 

Another property of this kind of code is that it will force the signal to change value even if 

the data signal is a set of the same bits, this can also be seen in table 1. If this is not done the 

data could potentially look like a DC to the system, which would be problematic as there 

would be no way to tell when a bit starts or stops. 

A negative property of Manchester code is that it only uses half of the bandwidth to actually 

transmit data. 4 

 

Synchronous and asynchronous communication 
It is vital that both the sender and the receiver understands how the data looks, otherwise the 

communication would not be possible at all. The sender needs to make sure each bit is the 

                                                             

4 Maxim Integrated 
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same length. This is done with an internal clock which times the bits. By connecting the clock 

of the sender to the receiver both units get the same time stamps. This way they both operate 

at the same frequency and they both know exactly how long a bit is. This is called 

synchronous communication where all devices are synchronized using the same clock. 

Because everything is running at the same frequency this system is easy to grasp and 

comparing waveforms gives a clear indication of what is going on. 

Having a clock controlling all devices in the system is not always possible, this creates the 

problem of knowing when a bit ends though. If the sender sends two, or more, of the same 

bits in a row the receiver will only register one change of state. To understand how many bits 

are actually sent the receiver needs either an internal clock of approximately the same 

frequency as the sender’s or an alternative method of knowing. This alternative method could 

be to use blocks of bits that have components that looks the same every time, this way of 

communicating is called asynchronous. One significant drawback of this system is that it 

requires more bits for the same amount of data, meaning the actual throughput will be lower 

if it operates at the same frequency/bandwidth as a synchronous system. However, because 

this system does not need a wire for a clock signal it will be smaller and cheaper than the 

synchronous alternative due to less use of cabling. 

 

Differential signaling5 
When using single ended signaling it refers to the use of a signal switching between a high 

and a low on a single wire, using ground as a reference. Transmitting a signal while using this 

method is highly susceptible to induced noise in the system. A common way of dealing with 

induced noise in a pair of cables is the use of differential signaling instead of using single 

ended signaling. 

A differential signaling means that a single ended signal is used on both wires instead of only 

one and that the signal on one of the wires are inverted. The receiver in the system will only 

amplify that what is different between the signals by using subtraction. Any noise induced 

along the way will be attenuated because the noise will be almost entirely the same on both 

wire due to being adjacent to each other. If 2.5 V is received at input A and -2.5 V at input B 

                                                             

5 Bengt Molin, Analog elektronik, 2a upplagan, 2013,  s. 308-314 
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the resulting differential amplification is 5 V with no noise. In this way a good signal 

integrity is achieved even at low SNR. See figure 1.15. 

 

Fig. 1.15 - The picture shows how a differential pulse is put together by subtraction but 

common mode noise is eliminated. 

 

The DC-supply 
When talking about DC voltage it refers to the power supply that powers the system. 

A DC voltage has no frequency and therefore the complex impedance does not affect it at all 

when transmitted over the wire. Resistance is the only thing that needs to be accounted for 

when calculations for the system are made. The resistance is given per metre and a total 

resistance is calculated as stated below. 

 

𝑅𝑡𝑜𝑡 = 𝑅/𝑚 × 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒  (4) 

 

The resistance is evenly distributed thus a constant and evenly distributed voltage drop will 

be observed along the entire wire. From a DC perspective, the only limitation is when the 

voltage drops below the minimum voltage rating that the receiving end needs. From a power 

supply perspective the skin effect can be ignored as it is a DC voltage. 

Also, any induced noise on the transmission line will be of equal proportion on both wires. 

Therefore, the DC-component will follow the induced voltage amplitude and keep a stable 

voltage drop between the conductors.  
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Duplexity 
Duplexity is the system’s ability to communicate back and forth between the master- and 

slave-unit. A system can be either of three categories, all with different solutions. They can 

be full duplex, semi-duplex or simplex. A full duplex system allows data to be transmitted 

both ways at the same time. This is done by dividing the data packages into either different 

time divisions or frequency divisions, allowing them to pass each other without interference.  

The second category is semi-duplexity. This system can also communicate back and forth but 

only with one unit at a time. The result is a queue system where all units that want to share 

information have to wait until it is their turn to pass along data. 

Lastly a simplex system is a system that can only pass data in one direction, even if the data 

line is unused.  

 

Network topology6 
There are multiple ways to connect a sender to multiple receivers, apart from the point-to-

point topology the rest of the eight basic ones can be seen in figure 1.16. This chapter will 

give a brief presentation of the most common network topologies that were considered as 

well as describe the bus topology a bit better. The bus topology was chosen because it was 

best suited for the system, where attaching multiple slaves along a main line communication 

was desired.  

  

                                                             

6 VidyaGyan 
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 Fig. 1.16 - The figure shows a range of different types of network topologies.  

 

Point-to-point 
In this topology two devices are connected to each other either directly or via some sort of 

protocol. For example, if one device is connected directly to another this would be a point-to-

point network, however the same is true if a device is connected to multiple devices, but only 

one at a time. This could be done by physically switching the signal path between the 

devices. An example of this kind of network is the old analog telephone system, where the 

operator physically connected the two callers to each other. 

 

Ring 
In a ring network the devices are connected together in a ring, meaning each device is 

connected to two other devices which are not connected to each other. This network topology 

can be seen as an extended point-to-point network where each device sends data only to the 

next one in the network. 

 

Mesh/Fully connected 
In the mesh network each device is connected to as many other devices as needed, this allows 

the data to travel more than one way to the destination in case a cable breaks or if a channel is 
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being used or disturbed. The fully connected network is a mesh where each device is 

connected to all the other devices as well.  

The mesh networks needs a routing algorithm to make sure the data arrives at the right place 

or takes the “best” path there.  

 

Star 
In a star network the central device is connected to several others in a point-to-point network, 

any communication between devices will be through the central device. An example of a star 

network is a home network with the router as central device.  

 

Line 
The line network is essentially the same as a ring network, but with two endpoints.  

 

Tree 
A tree network is a set of star networks where the central devices are connected to each other. 

 

Bus 
In a bus network all the devices are connected to a single cable called bus. Data is sent onto 

the bus and there the other devices will listen. The main advantage of this topology is that it 

only uses one cable for any number of devices, this greatly reduces the amount of wire 

needed to set up the network if there are many devices.  

When connecting a network in bus topology the reflective characteristics of the signal 

waveform is used.  

Multiple receivers can be connected to the bus as long as their input impedance is high 

enough compared to the characteristic impedance. The high impedance will cause the signal 

to bounce back onto the line without affecting it too much. This trait is also used when 

connecting the signal to the power supply, if the power supply impedance is high enough the 

signal will simply travel the opposite direction of the transmission line. This is also true for 

the DC supply voltage, if the low frequency impedance of the signal output is high enough 

the DC waveform will see it as an open circuit. 
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Characteristic impedance and termination 
Charge carriers propagate along a path as a longitudinal wave meaning that electrical current 

acts like water in a water hose. The charge carriers that are put into the system are not the 

same as the ones used on the other side of the conductor. The voltage level of the charge 

carriers will act like a transversal wave which is like sending a pulse on a long string of rope. 

When a power supply is connected to a cable the charge carriers will travel like a longitudinal 

wave down the cable until it reaches the end, with one tiny portion of the cable reaching the 

applied voltage level at a time. These charge carriers correspond to a current.  

See figure 1.17. 

 

Fig. 1.17 - Showing a transverse wave traveling through a rope. The same goes for an 

electric signal propagating in a conductor. 

 

The characteristic impedance is defined as the voltage applied divided by the initial current. 

The characteristic impedance is independent of the length of the cable, this is because it is 

only related to the exact position of the charge carriers and the voltage difference between the 

path and the return path. 

Because there is a waveform involved there is a risk of reflection, just like a wave traversing 

down a physical string would be if connected to a solid wall. See figure 1.18. 
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Fig. 1.18 - Showing a transverse wave along a rope returning due to not being terminated on 

the receiving end. With better dampening this would not happen. Same phenomenon applies 

to the signal propagating in the conductors without proper termination. 

 

From an electrical perspective the wall is represented by impedance, a solid wall is a high 

impedance while a loose string is represented by a low impedance. The electrical signal will 

behave just like the example wave above. 

To prevent the reflection an electrical terminator is used. The terminator needs to be at both 

ends of the cable and needs to have an impedance matching the characteristic impedance of 

the wire.  If the terminator has the correct impedance the wave will die out completely, just 

like the wave motion would if the string was connected to a dampening material. 

This phenomenon is mainly relevant for high frequencies. If the used frequency is low 

enough for this to be a negligible phenomenon the termination resistance will only cause 

harm as it is in parallel with the receiver’s high impedance.7 

 

Bias tee 
The bias tee circuit, figure 1.19, uses the phenomenon above to connect an RF signal and a 

DC voltage.  

This works because the DC will see the capacitor as a very high impedance and “reflect” to 

the output. The RF signal will see the inductor as a high impedance and bounce on it as if it 

was a solid wall.  

                                                             

7 All About Circuits  

https://www.allaboutcircuits.com/textbook/alternating-current/chpt-14/characteristic-impedance/
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Fig. 1.19 - Showing a bias tee is design in an electrical circuit to add signal and power to the 

conductor. 

 

 

Bit rate vs bandwidth 
A signal transmitted without the use of a carrier wave is known as a baseband signal. For a 

baseband signal the bandwidth is synonymous to the frequency of the digital signal. 

The bit rate is the measure of how much information can be transmitted over one second. For 

a channel with two levels, one bit can be transferred for each level, generally a 0 for a low 

level signal and a 1 for a high level signal. The more levels the more bits can be transmitted 

for each cycle. This means that the bit rate is dependent on the bandwidth the signal is 

transmitted at, if the signal can change level once every second the bit rate would be one bit 

per second. However, this is only true for an ideal case. 

There are ways to increase the bit rate, for example a signal with multiple levels can transmit 

more bits the more levels it has. For example, PAM-4 can be used to send two bits per 

voltage level, this modulation is shown in figure 1.20. This type of encoding allows N bits to 

be sent in for every voltage level as long as there are 2^N possible voltage levels. For 

example, if there are 8 levels this can transmit 3 bits per level. 
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Fig. 1.20 - PAM-4 modulated signal. 

 

The throughput is a measurement of how much information is received successfully. Because 

the bits do not always represent information relevant to the system the bit rate seen by the 

receiver is different from the number of bits sent, even if there is no lost information on the 

way. The throughput will be the targeted bit rate of this project. 

 

DC-DC converters 
Because the converter is not actually part of the project the subject will only be explained 

very briefly.  

ICs generally operates around 5 V, therefore this voltage level must be available wherever 

there are ICs. To provide this a DC-DC converter is used, it takes one DC voltage and 

converts it to another. The three most common types of DC-DC converters are buck, boost 

and buck-boost. The buck converter takes a high voltage input and converts it to a lower 

voltage, the boost takes a low voltage and converts it to a higher and the buck-boost is able to 

have an output voltage either greater or smaller than the input voltage. They all work with the 

same basic principles of switching a transistor to charge and discharge an inductance and a 

capacitance, how this is done varies from the types of converter. Due to the system only using 

a high supply voltage to power different 5 V ICs the buck configuration was used. 8 

 

                                                             

8 Power electronics, Daniel W Hart, s 198 - 226 
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Differential line driver - SN75176BP9 
A differential line driver is a circuit that takes a single ended logic signal and transforms it 

into a differential signal. The driver is able to handle higher currents than a logic circuit, 

therefore it is able to send the signal over longer cables. The input of the specific driver used 

in this project follows the RS-485 standard, meaning it can register a digital signal with a 

magnitude of +- 200 mV, making it is more accurate than a normal logic circuit on the input 

stage as well.  

The driver can be seen as a logic input stage, a buffer and an inverted buffer to drive the 

signal onto the line and then a differential amplifier with a TTL level logic output.  

 

RS-485 standard10 
The RS-485 is a differential data bus standard which specifies a bit rate of 10 Mbps. The 

standard does not include any DC power. Therefore, the allowed bus voltages are set to 

operate between -7 V and 15 V. The signal output is set to be around 5 V peak to peak and 

the input must be able to sense +- 200 mV.  

The input resistance of each differential receiver must be above 12k Ω and the total resistance 

must not be below 375 Ω, meaning there can be a maximum of 32 units connected to the 

same bus. The standard states that the bit rate of 10 Mbps is for a ~12 metre (40 foot) bus and 

that the maximum bus length of ~1220 metre (4000 foot) can handle a bit rate of 100 kbps. 

The standard is from 1998 so there are circuits able to work beyond the standard with higher 

speeds at longer range.  

 

  

                                                             

9 Texas Instruments 

10 Texas Instruments 
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2 – Implementation 
 

System design/Design procedure 
The main task of this project was to combine a DC voltage with a signal and then separate 

them again, therefore the system was divided into two parts. Here the thought process and 

decision making will be presented.  

 

The power 
To be able to function at all, the slave nodes need power. There are two major things to 

consider in the power part. 

First of all, the voltage must never be reversed as this would destroy the electronics on the 

node. The requester specified that the wires must be able to be connected both “right” and 

“wrong” without affecting the system. For the power this was done by simply connecting the 

inputs to a rectifier bridge.  

The second thing is that the power must be stable. This meant that the signal needed to be 

filtered off the supply voltage. This was done with the bias tee circuit, as well as the buck 

converter. The buck converter was designed to handle a varying input voltage and still deliver 

a stable output voltage. 

Apart from these two, the main problem with the power is the resistance of the cable between 

the sender card and the receiver cards. Because this depends on the desired length and type of 

the user’s cable this was not something that could be influenced in the project. The only thing 

that could be done was to ensure that the system could handle the 48 V maximum voltage the 

requester specified, which was simply done by choosing components with high enough 

voltage rating.  

 

The signal 
From transmitter to receiver 
The system consisted of several stages with different challenges along the system. Because 

the project focused on increasing the range of the data signal it was decided to use differential 

signaling, since this leads to better signal integrity. This meant that the signal would have to 

be changed from a single signal into two different ones where one is the inverse of the other.  
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This was done with a differential line driver and the driver was designed to drive a RS-485 

bus. Because the driver was not meant to handle a bus with a DC voltage on it the differential 

signal was coupled to the bus via capacitors, this will be discussed further in the next topic. 

To handle a differential signal a differential receiver was needed, this one was also connected 

via capacitors to protect it from the high bus voltage. The receiver, which was on the same 

chip as the driver, converted the differential signal into a single ended TTL level logic signal, 

which was then processed in the signal rectifier to determine if it was connected the right way 

or not.  

As a final adjustment the signal went through a Schmitt trigger to make sure the rise and fall 

times were as short as possible. Then the signal went into a low pass filter to get rid of the 

overshoot caused by the capacitance of the measurement tool, it should be designed to match 

the input capacitance of the future processor unit which is supposed to use the signal as 

information. 

Because both wires were used to transmit data a proper ground was difficult to get. This did 

not turn out to be a problem. Because the buck converter output voltage is proportional to the 

voltage reference connected to the ground input it delivered a steady 5 V regardless of the 

signal or any other noise. This means that the entire slave unit is floating, which in turn leads 

to a high common mode rejection ratio for both signal and supply voltage. 11 

 

Design choices 
The required data throughput of 768 kbps comes from digital audio, which is the main focus 

of the system requester. The audio is sampled at 48 kHz with a bit depth of 16 bits, this 

means the raw audio data will be 768 kbps. To be able to handle this as well as possible 

duplexity, error correction code and address bits the bit rate was set to 2 Mbps. To make sure 

it was possible to reconstruct the clock at the receiver end the frequency was set to 4 MHz, it 

is recommended this is done using a Manchester encoded signal. This implies that the signal 

will only have two voltage levels, this choice was done to simplify the circuitry as well as the 

coding. 

 

                                                             

11 DATAQ INSTRUMENTS 
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To connect the power and data a bias tee circuit was used, this circuit is intended for adding a 

DC offset to a RF signal. Each wire used two of these circuits, one to add signal and power 

and one to separate them again. 

The one with power had a 48 V DC offset and the one with ground had a 0 V offset. The 

second one was not so much used to add an offset as to make sure the signal did not just 

become grounded once sent to the wire.  

The choices of the capacitive and inductive impedances were calculated to differ from the 

characteristic impedance by at least a factor of 10. This gave the E12 values of 6.8nF and 

33µH, which corresponds to impedances of approximately 37 and 830 Ω.  

 

Signal rectifier 
When connecting the two wires there is always a risk that they are connected the wrong way 

and thus inverting the signal. A system to detect signal polarity of two connected wires that 

carries both power and differential data to a system was developed by using a rectifier and 

logic circuits. To avoid the voltage drop over the diodes in the rectifier bridge the signal was 

rectified with logics rather than physically.  

This was done by connecting a high ohmic voltage divider between the positive input leg to 

the rectifier and the negative output leg of it. See figure 2.21. The voltage divider was 

designed to supply a MOSFET gate with between 5 and 30 V depending on the input voltage 

of the rectifier. If the wires are connected right, the voltage drop over the voltage divider will 

open a MOSFET and allow a 5 V signal to pass through it to an XOR-gate. This tells the 

logic circuits that the signal is correct and should not be inverted, see truth table below.   

If there is no voltage drop over the divider the MOSFET will not conduct. Because of a pull-

down resistor this will send a 0 V signal to the XOR-gate and correct the received signal. The 

truth table of the logics can be seen in table 2. 

 Detailed schematics can be seen in figure 2.21.  
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MOSFET output Input signal Received signal 

1 1 1 

1 0 0 

0 1 0 

0 0 1 

Table 2. Truth table of signal rectifier.  

 

 

 

Fig. 2.1 - Showing a schematic on the signal rectifier on the MOSFET side. 
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Fig. 2.2 - Showing the XOR-gate system of the signal rectifier. 
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3 – Result 
 

The system 

 

The circuits 
In total three circuits were made, they will be referred to as sender, middle receiver and end 

receiver. The sender card had an input for 5 V, power supply, signal and ground. As well as 

an output for return signals and two outputs for the bus. Both receiver cards had two inputs 

for the bus, the middle one had two outputs to pass along the bus as well. Both receiver cards 

also had a data input and a data output, see figure 3.1. Figure 3.2 shows a functional block 

diagram for the user of the prototype. 

The sender card was the only card with a proper ground, the other ones used the return wire 

as voltage reference. The signal was sent differentially with the non-inverting part on the 

same cable as the supply voltage and the inverting part on the return wire. 

Here is a summary of what the system is capable of: 

- A stable 5 V power supply at the receiving end as long as the bus voltage is between 

10 and 48 V.  

- Up to 3.1 A current at 60 V, however it is recommended to stay below 48 V, 1.875 A 

as the specified maximum power is 90 W at 48 V. Note that the higher the current is 

the lower the max distance will be.  

- A proper TTL or CMOS level output of 4 MHz, or a passable TTL or CMOS level 

output of up to 17 MHz. 

- A theoretical max distance of 500 metres per wire with a 0.75 mm² power cord. The 

max distance depends on the cable and power decided by the future user.  

- Half duplex communication. 

- A way to make sure both power and signal can be connected without regard of 

polarity. 
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Fig. 3.1 - Shows the total system with one detailed sender and end-receiver card while only 

showing where slaves in between would be connected. 

 

 

 

Fig. 3.2 - Shows a block diagram over the system. 

 



35 

 

Components  
All three cards were soldered on stipboards made from epoxy paper to make them easy to 

reconfigure when needed. The components used on all three cards were: 

- Driver (SN75176BP). This was a basic RS-485 bus receiver/transceiver which was 

easy to mount compared to surface mounted drivers as well as easy to use.  

- 6.8nF capacitors, the capacitors used for the bias tee circuit were ceramic capacitors 

rated for 60 V, it is a standard component that was available at the company. 

- 33µH inductors, the inductors used for the bias tee circuits were selected to be able to 

handle the specified current and a bit more.  

- Wire-to-board terminal blocks 300 V 9 A, 1.5mm² (SR99S01VBNN0001), because 

the project needed several measurements with different cables it was handy to have 

terminal blocks which were easy to use. They also have a low profile, making them 

sturdy when mounted.  

- Switch (2A23-N2F2PCAE), the switch was used to decide if a card should be sending 

or receiving data. It needed to be able to switch between two inputs, this one was able 

to do that and it was already available at the company. This switch should be replaced 

with an input from a control unit if one is available.  

Sender  

- 100 Ω 0.6 W termination resistor, the one used was a normal through-hole resistor 

with 1% accuracy.  

- Four terminal blocks, two for input power and two for the bus wires.  

- Inverter with Schmitt trigger (SN74AHC1G14DBVR), this one was used as part of 

the signal rectifier and as Schmitt trigger.  

- 10pF, 1048 Ω, 12.7 MHz low pass filter to remove ripple from the output. 

 

Middle receiver 

- XOR gate (CD74HCT86E), this gate was used because it was able to handle the 

desired frequencies and more.  
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- Inverter with Schmitt trigger (SN74AHC1G14DBVR), this one was used as part of 

the signal rectifier and as Schmitt trigger. Because this was connected to a CMOS 

level XOR gate it did not need TTL level compatibility.  

- Four terminal blocks, two for input and two to pass the bus along. Two could have 

been used if the bus had stubs.  

- Bridge rectifier (GBU8B) 100 V, 8 A. This rectifier was selected because it could 

handle the desired voltages and currents without being overly dimensioned.  

- MOSFET (PMV213SN), this MOSFET was used in the signal rectifier and was 

selected because it had desired gate characteristics.  

- 10pF, 1048 Ω, 12.7 MHz low pass filter to remove ripple from the output. 

 

End receiver 

- XOR (T74LS86B1), this XOR gate was available at the company and could handle 

the specifications. 

- Inverter with Schmitt trigger (SVV8701AA), this inverter was available at the 

company and could handle the specifications.  

- 100 Ω 0.6W termination resistor, same type as at the sender side.  

- Two terminal blocks to connect the bus. 

- Bridge rectifier, same as in the middle receiver.  

- MOSFET, same as the middle receiver.  

- 10pF, 420 Ω, 37.9 MHz low pass filter to remove ripple from the output. 

 

Power consumption 
Without a load the power supply used delivered 5 V, 0.05 A to the sender and 48 V, 0.06 A to 

the slave. This is a power consumption of 3.13 W. However, if the voltage was lowered from 

48 to 15 V the power supply only needed to deliver 0.04 A, which adds up to a total of 0.85 

W. The reason the 48 V consumes more power is because of the higher voltage drop over the 

passive components like the cable and the rectifier.  
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The system was also tested with a 10 Ω load, since the buck converter output is 5 V the total 

power consumption of the load was 2.5 W. The system was able to work with both the load 

and the signal regardless of the voltage range, however at below 12 V the buck converter 

switched at an audible frequency. 

 

Signal 
The 4 MHz signal proved stable on both receiver cards regardless of cable used. It could also 

handle all kinds of realistic noises tested. The signal was tried at other frequencies and it 

turned out to be working relatively well between 500 kHz and 17 MHz. Noise was not 

applied to other frequencies than 4 MHz.  

 

Measurements 

When measuring the noise, the signal and the noise were connected to each other on the line 

with a passive voltage summer circuit.  

It is also important to state that the ground of both system and noise was taken into 

consideration to make sure the measurement actually showed what it was supposed to show 

without ground being a factor if it was not supposed to be.  

 

The following waveforms will represent the following: 

Yellow is the noise input to the system, blue is the non-inverting input A, green is the 

inverting input B and purple is the logic data output at the receiver card.  
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Fig. 3.3 - This shows how much attenuation the signal experiences by simply being connected 

to the noise circuit. 

 

The signal itself 
Figure 3.4 is how the input voltage looks on the receiver side after a short, twisted wire 

without any noise added to it.  

The system output can be seen in figure 3.5 for the HCT logic and figure 3.6 for the LS logic, 

it is also apparent that the duty cycle on the bus is not the same as the duty cycle of the 

output.  
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Fig. 3.4 - Bus voltage at 4 MHz. 

 

 

Fig. 3.5 - Logic output HCT at 4 MHz. 
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Fig. 3.6 - Logic output LS at 4 MHz. 

 

Common mode noise 
The circuit used to add the common mode noise can be seen in figure 3.7. Measurements 

were taken for three different setups, one where only the positive cable had noise applied to 

it, one with the negative cable and once where both cables had noise applied to them. 
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Fig. 3.7 - Circuit used to test common mode noise. 
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Fig. 3.8 - The circuit with 1 MHz noise added to A but without signal, the logic output is a 

reconstruction of the noise. 

 

Figure 3.8 shows that even if the noise is only added to one of the cables it will show up on 

the other one as well. The amplitude of the noise on A was around 3 V peak to peak and it 

appeared as 2 V peak to peak on B. The figure also shows the slight delay between signal and 

output.  
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Fig. 3.9 - 4 MHz signal on the bus with 1 MHz noise added to B. 

 

Fig. 3.10 - 4 MHz signal on the bus with 1 MHz noise added to A. 
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Fig. 3.11 - 4 MHz signal on the bus with 1 MHz noise added on both A and B. 

 

Figure 3.9 and 3.10, where the noise was only connected to one of the cables, clearly shows 

that the noise also appeared on the cable it was not connected to. 

When the noise was applied to both cables it shows how much the circuit attenuates both 

noise and signal. However as seen in figure 3.11 the noise does cancel out and the data output 

is completely free of it. 

 

Differential mode noise 
This noise may be induced if the cable used is not a twisted pair cable, but the magnitude of 

the noise used during the measurements was approximately the same as the signal. 

The measurements were taken with the noise and signal connected according to figure 3.12. 

When applying a large differential mode noise, the result looks as expected with errors 
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turning up periodically along with the frequency of the noise added. This is shown in figure 

3.13. where the signal is wider during the positive period of the noise and thinner during the 

negative period of the noise.  

 

Fig. 3.12 - Circuit used to test differential mode noise. 
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Fig. 3.13 - 4 MHz signal with 2 MHz differential mode noise of same amplitude (SNR ≈ 1). 

 

Signal frequency 
The measurements when measuring bus peak to peak voltage were taken over the termination 

resistance, because this voltage will be the same as the voltage across the internal differential 

receiver. The measurements for the duty cycle were taken at the logic output, which is the 

signal intended for a future control unit.  

To find out the minimum and maximum cut-off frequency, for both voltage levels and duty 

cycle, of the system the output signal was measured while changing the frequency.  

The highest possible frequency was around 17 MHz, allowing for 17 Mbps throughput if 

needed.  

The output of the logic circuits for 500 kHz and 17 MHz was only measured for the LS logic 

as these turned out to be slightly faster. These measurements are shown in figure 3.16 and 

3.17. Even if the 17 MHz signal is no longer a square wave it still manages to work within 

the TTL output voltage levels and can be interpreted by a logic analyzer, see figure 3.18.  
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Fig. 3.14 - Peak to peak voltage vs frequency. 

 

Fig. 3.15 - Duty cycle vs frequency. 

 

Figure 3.14 shows how the signal quality on the bus is affected by frequency, the black graph 

is from measurements where the sender card and the receiver cards were directly connected, 

the blue graph are when they were connected with a 100 m untwisted speaker cable and the 

red one when they were connected with 100 m CAT5 cable. The voltage level drops 

significantly after 500 kHz then drops steadily as the frequency is increased. 
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The duty cycle was measured for four cable types, these measurements can be seen in figure 

3.15. Here the orange graph represents 100 m untwisted speaker cable, blue directly 

connected, black 100 m CAT5 cable and red is 400 m CAT5 cable. The duty cycle of the 

untwisted cable decreases linearly as the frequency increases while the directly connected and 

the 100 m CAT5 cable are somewhat stable around 50% duty cycle. The 400 m CAT5 cable 

has holes in the graph around 4.5 MHz and 6 MHz, here the logic analyzer was not able to 

interpret a signal at all. 

The similarities between the four graphs is how the system itself affects the signal, this is 

especially clear for the directly connected and the CAT5 measurements. 

 

 

Fig. 3.16 - LS logic output at 500 kHz signal. 
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Fig 3.17. LS logic output at 17 MHz. 

 

Figure 3.17 also shows that the logic was not able to work properly at 17 MHz. At even 

higher frequencies it was no longer able to send a TTL level low, these tendencies are 

apparent in the figure. To make sure the output could be interpreted as a digital signal it was 

measured with a logic analyzer. Figure 3.18 shows what a logic circuit interprets the system 

output as, at 17 MHz it is still a reliable digital signal but at higher frequencies periodical 

oddities start showing up. 

 

 

Fig. 3.18 - Digital logic analyzer output for 17, 18, 19, 20 and 21 MHz. 
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Because the limiting factor was the logic circuits the differential receiver output was 

measured to see if this IC would be able to handle higher frequencies. The results can be seen 

in figure 3.19 below, it still managed to operate properly even if the signal is no longer 

shaped like a square wave.  

 

 

Fig. 3.19 - Differential receiver output at 25 MHz. 
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4 - Discussion 
 

Duty cycle 
As stated from measurements the duty cycle had changed after the differential receiver had 

reconstructed the signal. The reason behind this is the differential receiver reconstructs the 

single ended signal in multiple steps. First it takes both inputs from A and B and subtracts B 

from A resulting in a single ended signal with twice the amplitude. This signal must be 

amplitude corrected to what the differential receiver intends to output to other circuit logics. 

To do so the receiver needs to identify what part of the signal that is a high and what part that 

is a low. As stated in the topic about logic circuits, different logic families have different 

logic voltage levels. This means that depending on what kind of logic circuit family the line 

driver/receiver belongs to will affect how the duty cycle is preserved. It is not stated what 

logic circuit family that the line driver/receiver is part of but its VIL and VIH may be causing 

the distortion in duty cycle. 

Because the transfer characteristics of the cable are impossible to know in this project there 

are no definite logic voltage levels which can reconstruct the duty cycle with precision.  

 

Cable  
The 0.75 mm² cable had a resistance of 0.01875 Ω per metre. Because the minimum voltage 

on the receiver end was 10 V and because the output voltage of the system was 48 V, a 

theoretical maximum voltage drop over the cable was set to be 38 V. Assuming maximum 

current of 1.875 A, formula 4 together with Ohm’s law gives the expression for the maximum 

distance:  

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
𝑉

𝐼(𝑅/𝑚)
=

38

1.875 ∗ 0.01875
= 1080 𝑚 

Because the current applies the same voltage drop on the way to the slave as it does on the 

way back from the slave the maximum distance will be around 500 m.  

This theoretical distance was never tested as there was not enough cable available. 
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When testing early versions of the prototype a 400 m long CAT5 cable worked fine, but a 10 

m power cord disturbed the system. This specific example had to do with termination, but it 

shows how much impact the cable type actually has. Because the signal has proved stable in 

every realistic test made the DC voltage will be the most difficult thing to manage. Every 

cable has a resistance, the lower the resistance of the cable the lower the voltage drop over 

the cable will be. 

 

Measurements 
During the measurements a square wave with 50% duty cycle was used, this was supposed to 

represent a bit stream of varying 1s and 0s. If Manchester code is used this means every Hz 

would represent one bit. 

The passive voltage summer circuit used when applying noise to the signal has a gain of 0.5. 

This means that in a realistic application the signal will be twice as strong as when 

measuring, this phenomenon is shown in figure 3.10, where the signal connected to the 

summer is much smaller and more distorted than the other one.  

 

 

The signal itself 
Because the circuit has two LC filters the shape of the signal is a bit distorted, but the 

differential receiver translates it to a square wave even if the shape is different. The important 

part is that the signal is never outside the specifications of the RS-485 bus, as this may harm 

the differential receiver circuit.  

Note that the probes used to measure the output had a higher capacitance than the filter was 

designed for, meaning they will be slightly more distorted than they would be with the 

intended output capacitance, this is especially visible for the HCT level signal.  

 

Common mode noise 
When measuring common mode noise, it became apparent that the entire system was 

floating, the disturbance applied to one wire would appear on the other one as well with 

similar magnitude. Because every voltage on the slave side is the relative voltage to the return 
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wire, any kind of common mode noise would be invisible to the system. This is because the 

induced noise would be the same on both wires.  

 

Differential mode noise 
The amplitude used when measuring this noise should never happen outside a laboratory 

environment and was only tested to make sure it was possible to disturb the signal. 

Differential noise is generally just a problem if the conductors are far away from each other 

or if the signal is weak. In this system the cables will be right next to each other and the 

signal should be large enough for it to never be disturbed by this kind of noise.  

 

Signal frequency 
This was measured because the bias tee circuit is essentially a band pass filter. It turned out 

that the lowest frequency where the output is unaffected is around 500 kHz. Meaning that the 

electrical noise from many switched power supplies, as well as the 50 Hz noise completely 

disappears from the signal.  

When approaching the higher frequency, the logic circuits were too slow. But the signal 

voltage on the bus still followed the RS-485 specifications it should be possible to use these 

frequencies with faster logic circuits.  

Because the signal voltage started dropping significantly above 20 MHz high frequency noise 

will not show up on the signal.  

 

 

Plots vs frequency 
Both measurements showed similarities regardless of the cable, these can be seen in figure 

3.14 and 3.15. These similarities are the characteristics from the system itself, while the 

differences between the measurements are because of the cable.  

When measuring voltage vs frequency, it shows that the level drops significantly after 500 

kHz. This could be explained by the resonance frequency of the bias tee circuit, which is 

around 340 kHz. This is the frequency the circuit would oscillate at if it was connected as an 

oscillator, meaning that this frequency will be the strongest one. After this frequency the 
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voltage would be attenuated faster for a while before entering a linear attenuation 

characteristics.  

When it comes to the duty cycle it is interesting to see that the measurements when sender 

and receiver card were directly connected are very similar to the measurements when they 

were connected with 100 m CAT5 cable. When directly connected the short cables were not 

twisted, this shows how much difference a twisted pair cable actually makes, especially since 

the CAT5 measurements generally are closer to 50% duty cycle than the directly connected 

ones. This is important to keep in mind if the system is supposed to use some sort of duty 

cycle modulated signal, for example a 100 m CAT5 cable would be perfect to use at around 

13 MHz, but if the signal needs to be at around 6 MHz something else would need to be used.  

 

Digital logic analyzer 
The periodic errors shown when using the logic analyzer can be because of two things. First 

of all, it could be because the voltage is no longer seen as a digital signal, this is the most 

possible reason of the two. 

The second reason is that the analyzer is sampling too slowly and therefore misses relevant 

information, but since the sampling frequency was set to 250 MHz this should not be the 

case.  

 

Improvement proposals/future work 
Because this project was a pre-study to use as a base for future work within the field there are 

things that can be improved. 

The first thing that was encountered was ground problems. There is no ground plane in the 

system, it was discarded to make construction easier. Because of this decoupling the ICs did 

nothing, which in turn lead to larger overshoots and less stable supply voltages. This problem 

was countered automatically by the floating of the system, any instabilities on the supply 

voltage also appeared on the reference voltage. A related problem to this is that there was no 

consideration for any possible capacitive issues when making the circuits. The frequency of 

the signal is high enough to make the capacitances between conductors a problem. Both this 

and the issue with ground would be solved if the system was on a carefully designed PCB 

rather than an experimental board. The reasoning behind this was the same as when choosing 
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to not have a proper ground plane. It would make construction take a lot more time since 

someone would have to design and make the PCB. It would also mean that if any errors were 

found the PCB would have to be re-made, taking even more time. 

Because both issues and solutions to them are known for future projects this not as much of a 

problem as it is a good learning experience.  

 

During the testing the signal integrity was never a problem, nevertheless it is good to know 

that there are ways to improve it if needed. As explained in the theory both pre-emphasis and 

equalization can be used to make a noisy or weak signal better. However, if these methods 

are used they will add a lot more fairly expensive components compared to what is currently 

used. For good pre-emphasis the way the signal is attenuated must also be known, meaning 

there has to be tunable parameters and a way to figure out how far away the slaves are.  

Since one of the goals of the project was to keep it as cheap as possible it might not be 

desirable in the long run, especially since this project does not include any form of signal 

processing or software implementations.  

 

A feature that was discussed but later discarded because it was slightly outside the frame of 

the project was to implement a sleep mode. The idea was to be able to turn off parts of the 

slave units in order to save energy, ideally this would be possible to control on an individual 

level if there are multiple slaves. This would be difficult though as there is no way to send 

interrupts or things like that to wake a sleeping control unit. The signal to wake up would 

have to be a sequence of bits, but in order to decode a sequence of bits something would have 

to listen at all times to eventually spot this sequence. It is possible that a sleep mode is not 

realistic for this particular circuit, but if there is an easy way to implement it in a future 

project it is something that could greatly reduce the power consumption of a big bus.  

 

An alternative solution to Manchester code would be able to use the bandwidth better, with 

this solution the frequency needs to be twice as high as the desired throughput. It would also 

be possible to change the line driver in order to allow for multiple voltage levels of the signal, 

this could improve the amounts of bits sent for a set frequency.  
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If higher speeds are needed the ICs could be exchanged for ones with higher frequency 

ratings. This system was tried up to 25 MHz, at this speed the logics could no longer drive the 

signal to 0 and the signal was more shaped like a sine wave than a square wave. The signal 

amplitude on the bus started to decrease after 20 MHz, but depending on cable type and 

distance it might be possible to send signals even higher than the tested 25 MHz if the logics 

are changed. This was not done because the project specified 4 MHz and these measurements 

were only taken to see how far the system could be pushed.  

 

Possible software protocols 
Manchester code has been mentioned throughout the report, the reason is that it ensures both 

a clock signal as well as an alternating bit stream. Other self-clocking signals can be used as 

well, as long as signal alternates with a high enough frequency.  

The system was designed to transfer an arbitrary bit stream and not something specific, 

meaning there may be a need for some sort of interface between the system input/output and 

whatever it is supposed to control.  

The output of the system is between 0 and 5 V for the slave with HC and HCT logic and 

between 0 and 3.5 V for the one with LS logic. These levels may need to be changed in order 

to work with a possible interface, however this is outside the scope of the project.  

It is advised that every slave unit should have some sort of address to be able to send and 

receive status updates from them. It is also important if they should have different kinds of 

data sent to them.  

The system can handle duty cycle changes between 20 and 80%, making a PDM coded signal 

possible. However, since the duty cycle changes varies depending on cable type, cable 

distance and frequency it might not give the desired result. Also, since frequencies below 400 

kHz cannot get through to the output side it may be hard to properly encode an audio signal.  

 

  



57 

 

LS vs HC/HCT 
The project included two slave cards to test the bus topology and make sure it could handle 

more than one slave. This allowed for testing of different logic families where the LS logic 

was used on one slave and the HC and HCT families were used on the other. The reason for 

using both HC and HCT is because the line driver specifies a TTL level output, meaning a 

HCT circuit must be connected to it if CMOS is to be used.  

It turned out that the LS family had a slightly lower delay between data in on the sender card 

and data out on the slave card, however this delay only differed a few nanoseconds so it may 

not be a relevant difference. The biggest difference between the two families were the voltage 

levels, the LS circuits only delivered 3.5 V while the HC and HCT logics delivered 5 V. 

There was also a slightly lower overshoot with the LS logics, this can be seen implicitly from 

the filters used where the LS low pass filter of 37.9 MHz while the CMOS filter had to be 

12.7 MHz. To avoid distorting the signal it is desired to have the cutoff frequency as far away 

from the signal frequency as possible.  

 

Component limitations/Physical limitations 
- Line driver, the line driver was designed to handle a maximum bit rate of 10 Mbps, 

meaning anything above that might get lost in the IC itself even if the circuitry around 

it will actually let the signal pass through. This did not turn out to be the case, as the 

line driver was able to manage frequencies up to 25 MHz. However, it was limited to 

two voltage levels, making it impossible to use an amplitude encoded signal without 

modifying the hardware. The line driver was also limited to the signal it can still see 

as a signal. The difference between the two inputs must be at least 200 mV for a 

signal to be interpreted at all.  

- Bias tee circuit, this is essentially a band pass filter which works between 

approximately 500 kHz and 20 MHz.  

- The capacitors used are rated for 60 V DC. The big disadvantage of having the 

capacitors as DC block that it forces a varying signal. For example, if a series of ones 

were to be sent without any sort of encoding this would be blocked by the capacitors. 

To counter this Manchester code should be used, this way the clock signal is also 

transmitted to the receiver end. Unfortunately, this leads to reduced throughput since 

the frequency of the signal must be twice as high as the intended bit rate.  



58 

 

- Logic circuits, the slowest logic circuits used have a propagation delay of almost 20 

ns. If the frequency of the signal is higher than 1/20 nS = 50 MHz the circuits will not 

be able to switch between high and low reliably as they are still processing one input 

when they get the next one. Even if the frequency is lower than 50 MHz it does not 

mean that the logic circuits are fast enough to actually produce a proper output at said 

frequency. This could be solved by choosing different logic circuits. 

- Power, the inductors used are rated for 3.1 A. With the output voltage being 60 V this 

means the maximum amount of power the system can deliver is 186 W. Exceeding 

this could damage the inductors. This should not be a problem however, since the 

maximum power rating the requester has specified is 90 W. 
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Existing technologies 
Five two-conductor technologies have been investigated in order to see what the market has 

to offer and in what way they can be improved to fit given system requirements better.  These 

technologies will be presented and evaluated as an alternative for Axis Communications. 

 

Power over Data Line (PoDL) or IEEE P802.3bu 
This is an existing standard which allows for a maximum data rate of 1 Gbps as well as 48 V, 

50 W power supply. This standard is an extension of the IEEE802.3 standard for Ethernet, 

meaning it would be familiar to use for people who have worked with Ethernet before.  

However, there are no current products available for this standard, meaning everything would 

have to be produced on site by Axis if they wanted to use it. It is also designed for a range of 

max 40 metres, with a limited data rate. This standard is mainly focused to improve 

communication in an automotive environment, meaning high speed is much more desirable 

than distance. The high speed is also not necessarily an advantage for sending audio, which 

was the primary goal of this project.12 

 

802.3cg 
This is a standard in design, the aim is to allow transmission of 10 Mbps together with power 

over 1 km. Because this standard is only in a discussion phase it is not relevant to this project 

but deserves a mention.13 

 

Power over Coax (PoC) 
The current solutions for this is an extension of PoE, the PoC device takes a PoE cable and 

transforms it to something that can be sent over a coaxial cable, then the receiver transforms 

it back to PoE again. This could be a good idea, Axis already offers products (AXIS T8640) 

for this. The downside is the cost, this system needs both a PoE switch as well as a PoC 

adapter and an expensive coaxial cable. It would be much more desirable to eliminate the 

                                                             

12 IEEE 

13 G. Zimmerman CME Consulting 
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need for the PoE switch and do the transmission over a twisted pair cable or an ordinary 

power cord. 14 

 

Automotive audio bus (A2B) 
The automotive audio bus allows for 50 Mbps together with 9 V, 0.5 A for a maximum of 15 

metres per node (40 m total bus length). It is designed to serve as a communication medium 

in a car. The master is controlled with I2C and can handle an I2S audio input and output. 

Because this is not a standard, but an actual product sold by a company the details are 

confidential and therefore cannot be discussed in this report. However, it can be concluded 

that this system could be a reasonable option if the bus could be altered to handle more 

power. 15 

 

Sony/Philips Digital Interconnect Format (S/PDIF) 
There is an internal project at Axis where a small supply voltage is added to a S/PDIF signal, 

this system is able to power a small microphone with a few hundred mW as well as sending 

S/PDIF encoded audio from the speaker to a receiver unit. The range of this system is 100 

metres. 

 

Comparison to existing technologies 
As seen at page 33 the specifications of the prototype built in this project is able to compete 

with the existing technologies quite well. The max range depends on the amount of power 

needed, the more power needed the shorter the distance will be as the voltage drop over the 

cable will be higher with a higher current. From a power perspective the prototype is in the 

same range as PoDL, which is the best of the existing systems in this aspect.  

From a distance perspective however, this system is a lot better than PoDL and is only less 

capable than the IEEE802.3cg standard which is not yet properly designed.  

                                                             

14 Axis Communications 

15 Analog Devices  

http://www.analog.com/media/en/technical-documentation/data-sheets/AD2421W-AD2422W-AD2425W.pdf
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The data aspect of the prototype is not quite as high as the existing technologies. Partly 

because of the data rate, but mostly because the signal is completely unrefined. The other 

technologies already use existing protocols adapted to what they are designed for, for 

example A2B is designed to send sound and it is able to communicate with I2S both as input 

and output. To do this a lot more time and resources would need to be invested in this project, 

but as a start it is definitely a success.  

In the end it all comes down to the intended application. This project was focused on sending 

a bit stream together with power from one place to another, the intended use of the bit stream 

was never taken into account on a practical level.   
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Appendix 
All sources and figures availability were checked on 2018-06-10 

Sources 
1. http://www.nutsvolts.com/magazine/article/understanding_digital_logic_ics_part_2 

2. https://www.altera.com/en_US/pdfs/literature/an/an602.pdf  

3. http://www.ti.com/lit/an/slla169/slla169.pdf 

4. https://www.maximintegrated.com/en/app-notes/index.mvp/id/3435  

5. Bengt Molin, Analog elektronik, 2a upplagan, 2013,  s. 308-314 

6. http://www.vidyagyaan.com/computer-knowledge/computer-network-topologies/  

7. https://www.allaboutcircuits.com/textbook/alternating-current/chpt-14/characteristic-

impedance/  

8. Daniel W Hart, Power electronics, 2011, s. 198 - 226 

9. http://www.ti.com/lit/an/slla169/slla169.pdf  

10. http://www.ti.com/lit/an/slla272c/slla272c.pdf  

11. https://www.dataq.com/blog/data-acquisition/whats-all-this-sink-and-source-current-

stuff/  

12. http://www.ieee802.org/3/bu/public/oct15/PoDL%20tutorial%20draft.pdf  

13. http://www.ieee802.org/3/cg/public/Nov2017/zimmerman_3cg_01_1117.pdf  

14. https://www.axis.com/products/media-converters/axis-t8640/  

15. http://www.analog.com/media/en/technical-documentation/data-sheets/AD2421W-

AD2422W-AD2425W.pdf  

 

Figures 
1.1 http://www.nutsvolts.com/magazine/article/understanding_digital_logic_ics_part_2  

http://www.nutsvolts.com/magazine/article/understanding_digital_logic_ics_part_2
https://www.altera.com/en_US/pdfs/literature/an/an602.pdf
http://www.ti.com/lit/an/slla169/slla169.pdf
https://www.maximintegrated.com/en/app-notes/index.mvp/id/3435
http://www.vidyagyaan.com/computer-knowledge/computer-network-topologies/
https://www.allaboutcircuits.com/textbook/alternating-current/chpt-14/characteristic-impedance/
https://www.allaboutcircuits.com/textbook/alternating-current/chpt-14/characteristic-impedance/
http://www.ti.com/lit/an/slla169/slla169.pdf
http://www.ti.com/lit/an/slla272c/slla272c.pdf
https://www.dataq.com/blog/data-acquisition/whats-all-this-sink-and-source-current-stuff/
https://www.dataq.com/blog/data-acquisition/whats-all-this-sink-and-source-current-stuff/
http://www.ieee802.org/3/bu/public/oct15/PoDL%20tutorial%20draft.pdf
http://www.ieee802.org/3/cg/public/Nov2017/zimmerman_3cg_01_1117.pdf
https://www.axis.com/products/media-converters/axis-t8640/
http://www.analog.com/media/en/technical-documentation/data-sheets/AD2421W-AD2422W-AD2425W.pdf
http://www.analog.com/media/en/technical-documentation/data-sheets/AD2421W-AD2422W-AD2425W.pdf
http://www.nutsvolts.com/magazine/article/understanding_digital_logic_ics_part_2
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1.2 http://cmosedu.com/jbaker/courses/ee421L/f15/students/hayesj18/Lab6/lab6.htm  

1.3 http://mathworld.wolfram.com/images/eps-gif/FourierSeriesSquareWave_800.gif 

1.8 Builds upon https://instrumentationtools.com/rs485-serial-

communication#.WqEHEejwabg 

1.10 https://instrumentationtools.com/rs485-serial-communication#.WqEHEejwabg 

1.11 https://sv.wikipedia.org/wiki/Skinneffekt#/media/File:Skineffect_reason.svg 

1.12 https://sv.wikipedia.org/wiki/Skinneffekt#/media/File:Skin_depth.svg 

1.13 http://www.ti.com/lit/an/slla169/slla169.pdf 

1.14 https://www.embedded.com/print/4371864 

1.15https://upload.wikimedia.org/wikipedia/commons/thumb/c/c9/Differential_Signaling.svg

/500px-Differential_Signaling.svg.png  

1.16https://upload.wikimedia.org/wikipedia/commons/thumb/9/97/NetworkTopologies.svg/

508px-NetworkTopologies.svg.png 

1.17 Builds upon 

http://www.open.edu/openlearn/ocw/pluginfile.php/75903/mod_oucontent/oucontent/646/

a473a948/b912db2c/ta212_2_008i.jpg 

1.18 Builds upon 

http://www.open.edu/openlearn/ocw/pluginfile.php/75903/mod_oucontent/oucontent/646/

a473a948/b912db2c/ta212_2_008i.jpg 

1.19 https://upload.wikimedia.org/wikipedia/commons/6/6c/Bias_t.png 

1.20 https://www.neophotonics.com/wp-content/uploads/2015/05/PAM-

4_Winston_Diagram_510.jpg 

Data sheets 

Line driver - http://www.ti.com/lit/ds/symlink/sn75176b.pdf 

LS inverter - https://www.silicon-ark.co.uk/datasheets/74LS14n-datasheet-signetics.pdf  

HC inverter - http://www.ti.com/lit/ds/symlink/sn74ahc1g14.pdf  

HCT XOR - http://www.ti.com/lit/ds/symlink/cd74hct86.pdf  
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https://upload.wikimedia.org/wikipedia/commons/thumb/c/c9/Differential_Signaling.svg/500px-Differential_Signaling.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/9/97/NetworkTopologies.svg/508px-NetworkTopologies.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/9/97/NetworkTopologies.svg/508px-NetworkTopologies.svg.png
http://www.open.edu/openlearn/ocw/pluginfile.php/75903/mod_oucontent/oucontent/646/a473a948/b912db2c/ta212_2_008i.jpg
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LS XOR - https://www.datasheets360.com/pdf/-8138697232257447265  

BUCK - http://www.ti.com/lit/ds/symlink/lm5161.pdf  

MOSFET - 

http://www.farnell.com/datasheets/43993.pdf?_ga=2.16691830.1134975752.1528619367-

85056684.1516610688&_gac=1.58468824.1528627176.CjwKCAjwwbHWBRBWEiwAMIV

7E4W4-hOhQGZ_-nGYI3rVvJMyHBy_q8n3jFNlMOPI7G-

BMcnul0otOhoCGYUQAvD_BwE  

Rectifier - https://www.elfa.se/Web/Downloads/_t/ds/GBU8A_M_eng_ger_tds.pdf  

Terminal block - 

http://www.farnell.com/datasheets/2331234.pdf?_ga=2.216307030.1134975752.1528619367
-

85056684.1516610688&_gac=1.184804059.1528619367.CjwKCAjwwbHWBRBWEiwAMIV7E4

W4-hOhQGZ_-nGYI3rVvJMyHBy_q8n3jFNlMOPI7G-BMcnul0otOhoCGYUQAvD_BwE  

https://www.datasheets360.com/pdf/-8138697232257447265
http://www.ti.com/lit/ds/symlink/lm5161.pdf
http://www.farnell.com/datasheets/43993.pdf?_ga=2.16691830.1134975752.1528619367-85056684.1516610688&_gac=1.58468824.1528627176.CjwKCAjwwbHWBRBWEiwAMIV7E4W4-hOhQGZ_-nGYI3rVvJMyHBy_q8n3jFNlMOPI7G-BMcnul0otOhoCGYUQAvD_BwE
http://www.farnell.com/datasheets/43993.pdf?_ga=2.16691830.1134975752.1528619367-85056684.1516610688&_gac=1.58468824.1528627176.CjwKCAjwwbHWBRBWEiwAMIV7E4W4-hOhQGZ_-nGYI3rVvJMyHBy_q8n3jFNlMOPI7G-BMcnul0otOhoCGYUQAvD_BwE
http://www.farnell.com/datasheets/43993.pdf?_ga=2.16691830.1134975752.1528619367-85056684.1516610688&_gac=1.58468824.1528627176.CjwKCAjwwbHWBRBWEiwAMIV7E4W4-hOhQGZ_-nGYI3rVvJMyHBy_q8n3jFNlMOPI7G-BMcnul0otOhoCGYUQAvD_BwE
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