RMS Delay Spread in Heating and Ventilation (HVAC) ducts  at  2.4 GHz  and 5.7 GHz ISM bands
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This paper presents the results of measurements and analysis of the spatial distribution of rms delay spread (RDS) in HVAC ducts at 2.4 GHz and  5.7GHz ISM bands. 

Measurements show that the maximum RDS in a duct is dependent on the dimension and shape of the duct system. Furthermore, the RDS increases with radial distance from the transmitter to the receiver for  the duct system having open ends or good absorbers .

Introduction:

Indoor radio communications i.e. transmission of voice and data between fixed terminals and portable units inside buildings is an important part of personal communications [1] .The dramatic increase of the number of digital radio communication systems within buildings has demanded wide band characterization of propagation channels. An alternative approach to providing the communications infrastructure to the buildings is to recognize that every building is already equipped with a microwave distribution system ; the heating and ventilation ducts (HVAC). In this report, we will analyze HVAC ducts as a waveguide system  that can be used for high speed wireless transmission medium and discuss delay spread in ducts which will enable us to understand the upper capacity limits of these pipe networks.

Intersymbol interference brought about by propagation through a dispersive channel is a major problem in the design of high-speed wireless networks. The rms delay spread (RDS) [2] is a commonly used practical measure of the extent of time dispersion introduced by multipath channels. In turn, it has been found  that RDS is directly related to the minimum symbol length that can be used in order to avoid excessive intersymbol interference. The objective of this research was to investigate RDS and its relationship to the dimensions and shape of the HVAC ducts. Several new and important conclusions are presented from this study. Although full characterization of the channel requires a comprehensive evaluation of its impulse response, partial characterization using other channel parameters such as mean excess delay and rms delay spread have also proved to be useful.

Background:

To characterize the dispersive behaviour of a channel , some parameters are defined which can be very indicative of the  capacity  of the channel.  In multipath environments, a received wide band signal will suffer spreading in time compared to the transmitted signal and this effect is called delay spread . Delay-related  parameters can be extracted from a power delay profile.[3] 

Mean excess delay is defined as the first moment of the power delay profile and formulated as
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RMS Delay Spread is the square root of the second central moment of the power delay profile and given by
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RMS Delay spread is a good measure of multipath spread; it gives an indication of the potential for  intersymbol interference . Strong echoes relative to the shortest path with long decays contribute significantly to (RMS . Performance of communication systems operating in multipath environments are very sensitive to the value of (RMS. [4]

In order to calculate  the RMS Delay spread and Mean Excess Delay spread , we  normalized the received power , defined some threshold levels, and took the points above threshold. The delay parameters are calculated with different threshold levels .

One can define 'narrowband' transmission in the time domain, considering interarrival times of multipath reflections and the time scale of variations in the signal caused by modulation: 
A signal sees a narrowband channel if the bit duration is sufficiently larger than the interarrival time of reflected waves. In such case, the intersymbol interference is small. 

Transformed into constraints in the frequency domain, this criterion is found to be satisfied if the transmission bandwidth does not substantially exceed the 'coherence' bandwidth Bc of the channel. This is the bandwidth over which the channel transfer function remains virtually constant and is defined as 1/(5*(RMS). 

Note that mean excess delay and rms delay spread have to be computed with respect to a reasonable threshold  for the multipath noise floor .If this threshold were set too low, it would result in too high values for these time dispersion parameters. Our statistical analysis is based on a noise threshold set to four times of the noise standard deviation which is known as a rule of thumb. Numerically the noise threshold was set to –34dB with respect to the normalized received power. 

Measurements

For duct system we made measurements in 3 different frequency bands. 

1) 600-700 MHz  ( to see the effects of single mode propagation)

2) 2.4-2.5GHz  ISM band frequencies

3) 5.725-5.825 GHz upper-ISM band frequencies.

The purpose of these measurements was full characterization of the propagation medium for a broadband wireless communication  based on elaborate analysis and modeling of the channel’s impulse response. 

For the HVAC measurements we used Agilent E8358A s-parameter vector network analyzer which has the capability of measuring the channel response in the frequency range 300kHz-9 GHz.

The antennas were two identical quarter wave omnidirectional monopole antennas optimized for the center frequency of the interested frequency band.

Measurement Plan and Delay Spread Analysis

The measurements were made on different duct parts .

1) 600-700 MHz   Single Mode Experiment

Since the number of modes that exist in the duct (simply a waveguide) depends on the operating frequency and dimension of the waveguide , it’s useful to see single mode propagation in the duct.

Cut-off frequencies of 12’ cylindrical waveguide.

     754 MHz   ( TM01  mode)

      577 MHz   (Dominant mode TE11)   (Single mode exists between 577MHz and 754 MHz)
So in order to see the effect of single mode propagation,  frequency band (600-700MHz) is used.

     A         B                C                     D                             E                F                     G       

Figure 1: Experimental set-up for single mode experiment
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Figure 2: Frequency Response of Single mode experiment for points A-G (48 feet)
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Figure 3: Impulse Responses a) extracted from Impulse Response function   b) From Network Analyzer of single mode experiment with distance 48 feet.

Single Mode Experiment Results

The Impulse Response is obtained from 2 different sources; one is from Impulse Response extraction program written in Matlab , the other is from Network Analyzer. The channel parameters (RMS Delay Spread and mean excess delay spread ) are calculated from these 2 Impulse Responses.

First two graphs correspond to delay parameters obtained from Impulse Response program.
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Figure 4: RMS Delay Spread as a function of distance
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Figure 5: Mean Excess Delay  as a function of distance
Table I: Summary of the results

	
	 -13dB threshold 
	-20dB threshold
	-40dB threshold

	
	Mean
	RMS
	Mean
	RMS
	Mean
	RMS

	Slope
	1.12
	0.158
	1.53
	1.06
	1.39
	1.04

	intercept
	7.53
	9.8
	25.1
	28.4
	95
	105.5


From the network analyzer Impulse Response , we can plot similar graphs.
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Figure 6: RMS Delay Spread as a function of distance
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Figure 7: Mean Excess  Delay  as a function of distance
                                 Table II: Summary of the results

	
	 -13dB threshold 
	-20dB threshold
	-40dB threshold

	
	Mean
	RMS
	Mean
	RMS
	Mean
	RMS

	Slope
	2.15
	0.1
	2.07
	0.316
	2.46
	0.71

	intercept
	-4.17
	5.71
	21.4
	41.18
	63.3
	89.5


  2.4-2.5GHz measurements

Albeit the 2.4 GHz ISM band spans from 2.4 to 2.485 GHz ,we performed measurements in the band 2.4-2.5 GHz which gave us a resolution of 10 nsec.

1) Ring Resonator Measurements

2) Ring Resonator one bend removed measurements

3) Open ends measurements (inside the lab)

4) Open ends measurements (outside the lab)

Ring Resonator experiment ; 



10 feet

     
                                                   (A,B,C,D,E,F,G  monopole antenna locations)




30 feet




Figure 8:  Experimental Setup  of Ring Resonator measurement


Table III :  Ring Resonator results 

	
	     From IR function


	From New Network Analyzer
	

	Threshold level
	-15 dB
	-20 dB
	-15 dB
	-20dB
	Loss

	
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	

	Antennas 10feet apart


	155
	149
	215
	190
	209
	152
	268
	201
	6.9dB/100 meters

	Antennas 23feet apart


	240
	194
	344
	267
	367
	244
	416
	283
	6.7dB/100 meters

	Antennas 33feet apart


	284
	216
	352
	266
	301
	197
	342
	232
	6.2 dB/100 meters


The ring resonator is one of the worst cases that can be encountered in the real system . The signals die away as  it propagates through the duct. The propagation loss is the only loss that can cause signal power attenuation. The loss is around 6.5 dB/100 meter which indicates that ducts can propagate waves without much attenuation. If we regard the 20 dB threshold level, the RMS Delay spread is less than 300 ns (which is more or less the worst case condition) . If we use OFDM transmission technique , we can support high data rates even with these much of RMS delay spread. For OFDM transmission, if the delay spread is less than guard time, then it will not affect communication.

	Both ends are open




10 feet


                                  




30 feet




Figure 9: Open ended ring 
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	Both ends are closed
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Figure 10 : Ring  with closed ends
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Now it’s time to get a good knowledge on the RMS delay spread as a function of distance . For this purpose , we made measurements at 2.4-2.5 GHz frequency band.
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Figure 11: Frequency Response of straight duct of length 50 feet .
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Figure 12 : Impulse Responses corresponding to 50 feet long straight duct section at 2.4GHz-2.5 GHz.
The below graphs show the delay profile as a function of distance and we can extract the line to see the maximum delay at 100 meters.  Since delay time will ultimately determine the capacity of the duct system , it’s a good idea to get a good understanding of the delay as a function of distance.

The first method is the Impulse Response extraction method based on Impulse Response file in Matlab , which takes magnitude and phase data and plots the normalized impulse response.
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Figure 13: RMS Delay Spread as a function of distance
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                                   Figure 14: Mean Excess Delay as a function of distance
                                 Table IV: Summary of the results

	
	 -15dB threshold 
	-20dB threshold
	-30dB threshold

	
	Mean
	RMS
	Mean
	RMS
	Mean
	RMS

	Slope
	1.9
	1.1
	2
	1.2
	2
	1.2

	intercept
	6.3
	5.5
	13.8
	15.5
	35
	45.6


From the Network Analyzer Impulse Response, we get another set of  graphs.
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Figure 15: RMS Delay Spread as a function of distance.
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Figure 16 : Mean Excess Delay as a function of distance

                                 Table V: Summary of the results

	
	 -15dB threshold 
	-20dB threshold
	-30dB threshold

	
	Mean
	RMS
	Mean
	RMS
	Mean
	RMS

	Slope
	1.6
	0.9
	1.6
	1
	1.6
	1.3

	intercept
	8.3
	5
	16.1
	14.7
	36.5
	29.4


Based on the slope, that we obtained from the linear curve, we can extract the results for 100 meters (open end duct.)

The RMS Delay Spread will be  300ns on the  100 meters long duct section.

Measurements at 5.7 GHz ISM band



Figure 17 : Experimental setup.

Measurements are done at 2 different distances;

a) 96’’

b) 190’’
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Figure 18: Frequency Response corresponding to 16 feet long straight duct section with open ends 
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Figure 19: Impulse Responses corresponding to 16 feet long straight duct at 5.725-5.825 GHz frequency band.

Table VI : Delay parameters  for two different distances at 5.7-5.8 GHz ISM band (from Impulse Response function) 

	Threshold Level
	-15 dB
	-20 dB
	-30 dB
	

	
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Loss

	96’’ open ends


	25
	12
	28
	15
	37
	29
	

	96’’ closed ends
	270
	232
	412
	348
	711
	669
	1.5 dB/100 meters

	96’’ absorbers at 

both ends
	24
	14
	27
	17
	34
	27
	

	190’’ open ends


	29


	21


	34


	25


	49
	49
	

	190’’ 

closed ends
	337
	289
	500
	438
	843
	818
	1.55dB/100meters

	190’’ absorber at both ends
	27
	18
	31
	21
	52
	55
	


Table VII : Delay parameters  for two different distances at 5.7-5.8 GHz ISM band (from Network Analyzer) 

	Threshold Level
	-15 dB
	-20 dB
	-30 dB
	

	
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Mean

(ns)
	RMS

(ns)
	Loss

	96’’ open ends


	26
	13
	27
	14
	32
	22
	

	96’’ closed ends
	296
	280
	437
	395
	723
	701
	1.5 dB/100 meters

	96’’ absorbers at 

both ends
	25
	13
	28
	16
	29
	17
	

	190’’ open ends


	33
	19
	37
	23
	41
	30
	

	190’’ 

closed ends
	296
	289
	441
	411
	806
	825
	1.55dB/100meters

	190’’ absorber at both ends
	33
	18
	34
	20
	58
	60
	


As the distance is increased for the open duct, the delay parameters also increase.

Multipath distortion can also cause inter-symbol interference, which occurs when one signal overlaps with an adjacent signal. In fact, the information content of a narrowband signal can be completely lost at the receiver if the multipath distortion causes the frequency response to have a null at the transmission frequency. The use of the multi-carrier OFDM significantly reduces this problem. OFDM was found to have total immunity to multipath delay spread provided the reflection time is less then the guard period used in the OFDM signal. Multipath distortion can also cause inter-symbol interference, which occurs when one signal overlaps with an adjacent signal. OFDM signals typically have a time guard of 800 ns, however, which provides good performance on channels having delay spreads up to 250 ns. [6]  The only problem that multipath caused, is frequency selective fading, which could lead to carriers used, being heavily attenuated due to destructive interference at the receiver. This can result in the carriers being lost in the noise. [7]

Conclusion: In this paper, we reported delay spread characteristics for HVAC duct system .The HVAC system can be used as a high data rate wireless communication channel if proper modulation schemes are used, it seems that OFDM has the right characteristics to support high data rates for duct channels.
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										A-E		30.08		36.5				10						60.7				51.7						139				143

										A-F		38.25		48.1				13.5						80				67						144				143
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