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Introduction

This document will discuss the operation and design of inductive loops used for vehicle detection on paved surfaces.  It shall be used by those seeking information on inductive loop design considerations and is not intended to be a specification for inductive loop design.  
This document does not cover manufacturing or installation processes of inductive loops or their associated components.

Theory of Operation

Inductance is defined as a circuit’s ability to oppose a change in current.  It is a reactive quantity meaning that it will react to changes in the flow of electrons.  When a power source drives current through a wire a magnetic field will form around the wire.  If you remove this power source, the magnetic field collapses, pushing current through the wire until all energy is removed from the system.  The magnetic field in a single straight wire is small compared to the current flow and this effect is barely noticeable and is ignored for small lengths of wire.  However, when you coil several insulated wires, the magnetic field becomes larger, the inductance increases and this effect is amplified.  

A conductive material forming a closed loop placed inside a changing magnetic field will experience an induced current.  A flat piece of metal can be included in this discussion as a closed loop because it will form circular currents called Eddy currents.  An induced current will move through a car’s frame when placed above an inductive loop with an alternating current source (AC).  This system accurately models an air core transformer where the primary and secondary sides of the transformer are coupled through air versus a ferrite core.  

Although the current in the car frame doesn’t change the intensity of the magnetic field, it will oppose changes in current (and the magnetic field) as it introduces its own inductance into the system.  A change in current through the loop will affect the current through the car frame and a change in current through the car frame will affect the current through the loop.  This property where one inductor influences another is quantified in a component called mutual inductance.  Through this process the inductance of the entire system changes and that change can be detected.
Inductance is a small quantity and is hard to measure accurately on the level that a car will change the inductance of a loop detector system.  That is why a detector will measure the frequency of the system while an amplifier drives current through the loop rather than measure the inductance.  A circuit with a reactive component has a dominant or resonant frequency in the same manner that a mechanical system will have a dominant frequency.  A change in inductance will change the resonant frequency of the system.  The detector will be tuned to know the resonant frequency with no vehicle present.  This cannot be pre-set as there may be materials interacting with the magnetic field including the metallic rocks, piping, fire hydrants and other objects that may be below or beside the loop.  A threshold is set and any change in frequency that exceeds the threshold will indicate a vehicle is present above the loop.
Minimum Acceptable Impedance
Loop detector impedance will typically be tuned between 20 and 1000 micro-Henries (μH).  It is preferable that the sum of loop inductance and lead-in inductance is greater than 50 μH for circuit stability.  The loop inductance should be equal to or greater than the lead-in inductance.
Determining the Appropriate Number of Turns in the Loop
Loop inductance can be estimated by the following equation:

L = P/4(t2 + t);
where:

L = Inductance






P = Perimeter (ft)





T = Number of Turns
Lets substitute X = (t2 + t)/4.

The equation reduces to L = PX.
The following table shows values of X based on t:

	t
	X = (t2 + t)/4

	 1
	0.5

	2
	1.5

	3
	3

	4
	5

	5
	7.5

	6
	10.5

	7
	14


Example:
4’ x 8’ loop with 4 turns


L = PX



P = 4’ + 4’ + 8’ + 8’ = 24’



X = 5.0



L = 24 x 5.0 = 120 micro-henrys

The following table shows loop inductance in μH:

	                                   Number of Turns

	Perimeter         (ft)
	
	1
	2
	3
	4
	5
	6
	7

	
	10
	5
	15
	30
	50
	75
	115
	140

	
	20
	10
	30
	60
	100
	150
	230
	280

	
	30
	15
	45
	90
	150
	225
	345
	420

	
	40
	20
	60
	120
	200
	300
	460
	560

	
	50
	25
	75
	150
	250
	375
	575
	700

	
	60
	30
	90
	180
	300
	450
	690
	840

	
	70
	35
	105
	210
	350
	525
	805
	980

	
	80
	40
	120
	240
	400
	600
	920
	1120

	
	90
	45
	135
	270
	450
	675
	1035
	1260

	
	100
	50
	150
	300
	500
	750
	1150
	1400


The following table shows the recommended number of turns:

	Perimeter (ft)
	
	Number of Turns

	
	10
	5

	
	20
	4

	
	30
	3

	
	40
	3

	
	50
	2

	
	60
	2

	
	70
	2

	
	80
	2

	
	90
	2

	
	100
	2


Comparing Loop Configurations

A study by the University of Purdue, Indiana DOT, and Reno A&E shows the difference in sensitivity between several loop configurations.

A photo of the test bed:

[image: image2.png]



L1, L2:

6 ft Hexagonal Loops
L3, L4:

6 ft Circular Loops

L5:

20 ft Rectangular Loop

L6:

20 ft Quadrupole Loop

The quantity measured in this study is known as loop sensitivity.  It is defined as ΔL/L:

Inductance w/vehicle – Inductance w/no vehicle

Inductance w/no vehicle

Steel and Aluminum sheets were used to simulate the underbody of a vehicle.  You will notice that the hexagonal and circular loops are more sensitive when the “vehicle” is closer to the pavement, but have a similar response to the rectangular loop when the “vehicle” is riding 24 inches or higher.  The quadrupole has the weakest response for vehicles with 4 or more wheels.  
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Loops Wired in Series and Parallel

For a quick reference:

· The inductance of loops wired in series add:

Ltot = L1 + L2 + L3 . . . + Ln

· The inductance of loops wired in parallel relate as follows:

Ltot = (1/L1 + 1/L2 + 1/L3 . . . + 1/Ln)-1
Many traffic control system designers will wire inductive loops in series that detect traffic on the same phase.  This is done to limit the number of detectors in the cabinet and the number of lead-in wires running to the loops.  It should be noted that 2 loops in series will cut the sensitivity of the detection system in half and 4 loops in series will cut the sensitivity to ¼ that of a single loop.  Many times this won’t affect the detection of cars, but in some cases the system will have trouble detecting motorcycles and most likely will not detect a bicycle.  It is recommended that in order to detect motorcycles and bicycles, each loop should be connected to its own detector channel.  When this cannot be accomplished, no more than two loops should be wired in series.  When two loops are in series it is important to note that a higher sensitivity setting of the detector may be needed.  
The effect of loops wired in parallel is a bit more complex than wiring loops in series.  Wiring two loops of equal inductance in parallel will reduce the overall inductance of the system by one half.  However, the sensitivity does not double as this effect suggests. 
· The inductance of two loops wired in parallel with equal inductance Lo when 

one loop is acted upon by a vehicle introducing ΔL inductance to one of the loops.


Ltot w/vehicle = (1/Lo + 1/[Lo + ΔL])-1

However, our overall change in inductance isn’t ΔL, but is a much smaller value:

L(overall change) = (1/Lo + 1/[Lo + ΔL])-1 – Lo/2


Where Lo/2 = (1/Lo + 1/Lo)-1

      Reduced: L(overall change) = (ΔL/2)/(2 + [ΔL/Lo])

Since all of quantities of loops wired in series are being summed, L(overall change) = ΔL.  Let’s look at the resulting ratios of L(overall change) to Ltot for a two loop system wired in both manners discussed.
Series ratio = ΔL/(2Lo)

Parallel ratio = ΔL/[Lo(2+[ΔL/Lo])]

Therefore the series ratio is greater than the parallel ratio.  This means that loops wired in series can detect a vehicle over 1 of its loops better than loops wired in parallel.  Loops should never be wire in parallel to reduce the number of input channels in a system.

Determining the Appropriate Detector Sensitivity
In all cases the best way to set the sensitivity of a detector channel is to test the installation with the type of traffic that is expected to be detected and determine the lowest sensitivity that will detect this traffic.  Installation conditions change and not all loops behave in the same way once they are installed.  When a comprehensive test cannot be performed, here are some general sensitivity settings yielded by a comprehensive study including theoretical calculations and field measurements performed by Andrew Blower, E.I.T.
Note:  These numbers are based on standard sensitivity settings and are generalized for 6’ circles and 6’ diamonds of 90-150 micro-Henries.  Keep in mind that detectors use different sensitivity scales.  Refer to the detector’s user manual when setting the sensitivity. 

	Vehicle Type
	Single Loop
	2 Loops in Series

	Stock Cars & Trucks
	0.16%
	0.08%

	High Ground Clearance Vehicles
	0.08%
	0.04%

	Motorcycles*
	0.08%
	0.04%

	Bicycles*
	0.01%
	0.005%


*Bicycle and Motorcycle detection is affected by loop configuration more than other vehicles.  It is more important to verify that these vehicles are detected properly at each installation.  
Bicycle Detection 

This study on bicycle detection shows the percentage change in loop response.  The x axis is time as several bicycles pass over the loop and the y is a percentage shift in inductance.  Note the scale on the y axis.  The graphs have been auto-scaled and aren’t consistent.  This information comes from a Reno A & E study.
You can consider the square loop in this study as an equivalent to the rectangular loop in the Purdue study as a point of reference.  As a rule, the response of a loop is dependent on the shortest side of the loop.  Therefore, the quadrupole loops from both studies are equivalent.

It is important to infer from the Purdue study that when more surface area of a vehicle is over the loop, the response is greater.  A bike only has a thin piece of metal or composite material over the loop which means that the loop will have the highest response as the bicycle passes directly over the wire of the loop.  This may dictate a different loop configuration for a bike lane versus the lanes of motor vehicle travel and introduces the Type D and parallelogram loops.
[image: image5.png]Bike 1: Mountain bike with aluminum frame and wheels. Cost $1.000.00.
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Bike 2: Road bike with aluminum frame and wheels. Cost $1.200.00.
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[image: image8.png]Bike 4: Race bike with carbon fiber frame and wheels. Cost $10.000.00+.
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[image: image10.png]6" Loop. Bike 1. Bike 2. bike 3 and bike 4 down the side of the loop then down the center.
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[image: image11.png]6" x 6" Quadrapole Loop. Bike 1. bike 2 then bike 3 traveling 1 foot outside. on wire. 1 foot inside. 2 foot
inside and down center of the loop.
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[image: image12.png]727 Parallelogram Loop. Bike 1. bike 2 then bike 3 traveling 1 foot outside. on wire, 1 foot inside. 2 foot
inside and down center of the loop.
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[image: image13.png]42" Parallelogram Loop. Bike 1, bike 2 then bike 3 traveling 1 foot outside. on wire, 1 foot inside. 2 foot
inside and down center of the loop.
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[image: image14.png]Type D Loop. Bike 1. bike 2 then bike 3 traveling 1 foot outside. on wire. 1 foot inside. 2 foot inside and
down center of the loop.
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[image: image15.png]Bicycle Detection Loop Configurations

Parameter 3' x 6" Quadrapole 2.5" Diamond x2( Series) 54" x 60" Parallelogram
Inductance | 144 H (117 gH. 90 yH{older] ad] Ioops) 225 4
Reno C Detecior
Sensifity| Posifion | CallLvi | Strengih | Sensiivty| Position | Cal Lvi | Strength | Sensifvfy| Posiion | Call Ll | Strengi
Bike on Bike on Bike on
7 |cenerof| 5 | 016% | 7 |cemerof| 2 | 002% | 7 |cemerof| 5 | 012%
Loop Loop Loop
Bike on Bike on
7 |owert3| 3 | oor% | 7 |owerts| 5 | ote%
AL of Loop of Loop
Bike 3 Bike on Bike 6
7 |ouwsde| 1 | o002% | 7 |Edgeot| 1 | 002% | 7 |ousde| 1 | 001%
Loop Diamond Loop
Anywhere
7 | mside | 5
Loop
[Addiional Comments. Deteclion zons exisndsds approx 3" |[Srsngth(2 loops in series) x2 = callstengih
outside the edge of the loop.  1100p is present.
EDI TMD222 Detector
Sensitiity| Position | Call Lvi | Strength | Sensitivity|_Position | Call Lvi | Strength | Sensifvity| Position | Call Lvi | Strength
Bke on D Bike on 0
o Jcemerof| 5 | G| 9 |cemeror| 2 | 4%
Loop Loop
Bike on
o |oueris| 3 | G4
AL of Loop
Bk on Bike on
0.01%- 001%-
o Edgeor | 1| GSOe | 9 [ Edgeor | 1| Gibe
Loop Diamond

[Additional Comments: Detection zone extends approx 3
Joutside the edge of the loop

Note: The TMD222 only returns call strength to the user. Strength in terms of AUL is inferred from the calllevel as defined in the user's manual.





This table contains field measurements from a 3’ x 6’ quadrupole in Portland, two 2.5’ diamonds in series in Eugene and a 54”x 60” Parallogram in Salem.  You can see the effects of loops in series.  The diamond turns out to be more sensitive than the quadrupole but having 2 loops in series translates to a less sensitive system.  It should be noted that the quadrupole would not detect a motor vehicle unless it was almost directly over the loop while the diamond would detect cars on the edge of the bicycle lane.  In some cases false calls cannot be avoided as cars will drift into bike lanes to make right turns.  The parallelogram had the overall best performance when detecting bicycles.  It had “hot spots” over the outer wires, but had a near uniform response as bicycles passed over different portions of the loop within its boundaries.  The parallelogram would be the best choice for both bicycle lanes and stop-bar detection.  We did not test the Type D loop.  It was decided that other methods were preferable due to the difficulty of installing the Type D.  We did not have the EDI detector when testing the parallelogram.

Loop Installation
For installation guidelines please reference the Oregon Standard Specifications for Construction: Section 990.43.
Frequently Asked Questions

This list of FAQs was compiled by Reno A&E and will explain some common misconceptions about inductive loops.

1.  Does Increasing the Number of Turns in a Loop Increase the Sensitivity of the Loop?

Increasing the number of turns in a loop does not increase the sensitivity of the loop.  It can improve the efficiency of the system, however.  A long length of lead-in wire (400 ft or greater) may require additional loops to ensure the loop inductance is equal to or greater than the wire inductance.  See appendix B for wire inductance calculations.  The change in inductance is proportional to vehicle size and inversely proportional to loop size and vehicle height.
Therefore:

· Increasing the loop size will decrease the amount of change in inductance cause by a vehicle.

· Smaller vehicles will cause less change in inductance than larger vehicles.

· A vehicle that rides higher off of the roadway will cause less change in inductance than a vehicle that rides lower to the pavement.

2. Does Increasing the Number of Turns in a Loop Increase the Detection Height of the Loop?

Increasing the number of loops does not increase the detection height of the loop.  As a rule of thumb, the detection height of the loop is 2/3 the length of the shortest side of the loop.  The detection height is also dependent on the sensitivity of the detector.  However, when the sensitivity is too high, you will detect cars in adjacent lanes.  This is why it can be said that 2/3 the length of the shortest side is the reliable detection height.  If the sensitivity is set too low, vehicles below this height might not be detected.

3. How Deep Should the Loop Wire be Installed?

The wire must be deep enough to be protected from road wear and the elements.  As a general rule, a depth of at least 1 inch below the roadway surface should be maintained.  Non-conductive materials such as concrete or asphalt don’t affect the magnetic field of loops.  The deeper the loops are placed, the lower the detection height will be.
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To avoid stress and abrasion of the loops, 90º should be avoided at all times via 45º corner cuts or core drilling at the corners.
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4. What Type of Wire should be used for the Loop?

Number 12 to 20 AWG stranded copper wire can be used.  The gauge is not critical to the operation of the detector.  However, a larger gauge will require less power from the amplifier (see Appendix A for wire resistance) and may be needed to maintain integrity under pavement stress.  Since asphalt is more flexible than concrete, a larger gauge should be used for loops in asphalt.

More important than the wire size is the type of insulating material.  Cross-Linked Polyethelene (XLPE) insulation rated at 600 volts or greater should be used over PVC insulation.  XLPE absorbs 1% of the moisture that PVC absorbs.  When the insulation takes on moisture loop drift will occur that can result in false detections if the drift is great enough.  XLPE also has a greater resistance to abrasion, heat, oil, and gasoline.

The loop should be tested by an ohm meter capable of reading large values.  Testing between the loop wire and ground should indicate isolation of 100 megaohms or greater.  A reading of 50 megaohms or less indicated the insulation is damaged and should be replaced.  The resistance of the loop and lead-in wire (measure end to end) should not exceed 4 ohms.  If the resistance is greater a larger gauge wire should be used (see Appendix A for wire resistance)

5. How Far from a Gate Should a Loop be placed?

 The amount of change that a gate has on a loop’s inductance is dependent on the length of wire in the loop that runs parallel to the gate.  The graph below shows the % change in inductance due to a gate at different distances from the loop.  For most loops, a distance of 4 ft or greater should be maintained.  Please note that non-metallic gates (such as fiberglass) will not have an effect on loop inductance.  However, arm mountings and motor housings are most always metallic and will affect the loop.  If a gate motor isn’t properly housed it may be emitting its own magnetic field that can affect the loop inductance.
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Appendix A: Wire Resistance

	AWG Stranded Copper Wire Resistance

	Size
	Diameter
	Resistance @ 77ºF

	AWG
	inch
	Ohm/1000 feet

	20
	0.0369
	10.3632

	18
	0.0465
	6.5227

	16
	0.0587
	4.0843

	14
	0.0740
	2.5756

	12
	0.0933
	1.6215


It is likely that wire integrity will be the deciding factor in wire size rather than resistance.  It is still important to take into consideration wire resistance and make sure it does not exceed 4 ohms.  The length of the wire is the lead-in + the length of wire used in the loop.

Appendix B: Wire Inductance
There isn’t a linear relationship between wire inductance and length so the inductance of the lead-in wire will have to be calculated for each installation.  The following equation is for a solid conductor.  Stranded wire can be thought of as a solid conductor as long as there are no air gaps between the strands.  This equation is only an estimate as an accurate calculation takes many things into consideration.  As mentioned earlier the inductance of the loop should be equal to or greater than the lead-in inductance.  A design should make sure the loop inductance is greater than lead-in so any discrepancies in calculations or inductance drift can be accounted for.  Except for extremely long lead-in wires the loop inductance will be much greater than the lead-in inductance.  Wire inductance for the loop can be ignored as it is orders of magnitude smaller than the loop inductance.
L = 2*l*[2.303*log(4*l/d) – 0.75]
where:

L = Inductance in nanoHenries







l   = Length of Wire








d  = Diameter of Wire

This can be used to approximate the lead-in inductance even if the wire does not run in a straight line.  If this value approaches the value of the loop inductance found on page 5, a turn may be added to the loop.
Definition of Terms

	Air Core Transformer
	A device that transfers energy from one circuit to another through two inductors coupled by a magnetic field in air 

	Alternating Current
	A current which changes in direction and magnitude in a sinusoidal fashion

	Amplifier
	A device used to drive an alternating voltage (and current) through a system

	Conductive Material
	A metal in which electrons can move freely between atoms 

	Current
	The flow of electrons through a conductive material

	Dominant/Resonant

Frequencies
	A frequency that a system naturally wants to oscillate at.

	Efficiency
	A dimensionless unit that quantifies the energy output versus energy used in a system

	Frequency
	The number of times, expressed in Hertz (Hz), that a system will oscillate every second

	Henry
	Unit of inductance defined at volts * seconds / amperes

	Inductance
	Property of an electric circuit where an induced magnetic field stores energy that opposes changes in current

	Inductive Loop
	A type of traffic detection device that utilizes an inductor and air core transformer properties to detect vehicles on the roadway

	Inductor
	A loop of wire with several turns that stores energy in the form of a magnetic field

	Inversely Proportional
	A relationship where a dependent variable reduces in value linearly as an independent variable gets larger

	Lead-In [Wire]
	The wire that connects an inductive loop to an amplifier in a traffic cabinet

	Linear
	A parameter marked by a constant rate of change with respect to an independent variable

	Loop Drift
	The tendency for an inductive loop to change inductance over time due to environmental factors

	Magnetic Field
	A field of force created by moving electric charge that can only be detected by other moving electric charges

	Micro
	A prefix that denotes a scaling of 10-6

	Mutual Inductance
	The inductance formed when two isolated inductors are coupled by a magnetic field

	Nano
	A prefix that denotes a scaling of 10-9

	Proportional
	A relationship where a dependent variable increases in value linearly as an independent variable gets larger

	PVC
	Polyvinyl Chloride – a thermoplastic polymer used for insulation

	Specification
	A document used directly for the implementation of a design

	Turn
	A section of wire that forms 1 complete circle/rectangle/hexagon etc. in an inductive loop

	XLPE
	Cross-Linked Polyethylene – a thermoset polymer used for insulation
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