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[bookmark: _Toc290220472][bookmark: _Toc290406770][bookmark: _Toc324153197][bookmark: _Toc324424243][bookmark: _Toc324744200]1	Introduction
In this Report the isolation between co-located antennas and antennas in close proximity of IMT base stations in the land mobile service is investigated. The key benefits of having co‑located antennas are as follows:
–	encouraging equitable reasonable competition; 
–	reducing the number of steel towers or masts, mitigating the shortage of suitable sites;
–	reducing network building expense;
–	reducing visual impact.
One must, however, also ensure that the interference between different systems is kept within acceptable levels. An important consideration when base station antennas share the same tower, rooftop, or other antenna sites, and are consequently separated by small distances, is thus the degree of isolation that can be obtained between the ports of two antennas. One of the main techniques to mitigate interference between radio systems is providing sufficient physical separation and proper orientation between antennas. This method has the attractive property of reducing all types of interference. Determining sufficient physical separation is however non-trivial, as the isolation is highly sensitive to antenna choice, heights, azimuths, downtilts and the sectorization angles. 
[bookmark: _Toc273977808][bookmark: _Toc290220473][bookmark: _Toc290406771][bookmark: _Toc324153198][bookmark: _Toc324424244][bookmark: _Toc324744201]2	Scope
This Report contains methods to estimate the required isolation between IMT base station antennas in the land mobile service that are co-located or located in close proximity and possible antenna orientations to achieve the required isolation. It presents analytical methods and measured isolation values for horizontal, vertical and slant separation of antennas. Furthermore, information is given regarding how to use this isolation in a base station to base station interference analysis. 
[bookmark: _Toc289251021][bookmark: _Toc290220474][bookmark: _Toc290406772][bookmark: _Toc324153199][bookmark: _Toc324424245][bookmark: _Toc324744202]3	Related Reports and Recommendations in ITU-R 
Recommendation ITU-R M.1073 – Digital cellular land mobile telecommunication systems.
Recommendation ITU-R M.1457 – Detailed specifications of the radio interfaces of International Mobile Telecommunications-2000 (IMT-2000).
Recommendation ITU-R M.1580 – Generic unwanted emission characteristics of base stations using the terrestrial radio interfaces of IMT-2000.
Recommendation ITU-R M.1581 – Generic unwanted emission characteristics of mobile stations using the terrestrial radio interfaces of IMT-2000.
Recommendation ITU-R M.1823 – Technical and operational characteristics of digital cellular land mobile systems for use in sharing studies.
Report ITU-R M.2030 – Coexistence between IMT-2000 time division duplex and frequency division duplex terrestrial radio interface technologies around 2 600 MHz operating in adjacent bands and in the same geographical area.
Report ITU-R M.2039 – Characteristics of terrestrial IMT-2000 systems for frequency sharing/interference analyses.
Report ITU-R M.2045 – Mitigating techniques to address coexistence between IMT-2000 time division duplex and frequency division duplex radio interface technologies within the frequency range 2 500-2 690 MHz operating in adjacent bands and in the same geographical area.
Report ITU-R M.2135 – Guidelines for evaluation of radio interface technologies for IMT-Advanced. 
Report ITU-R M.2141 – Study of the isolation between VHF land mobile radio antennas in close proximity.
Recommendation ITU-R SM.1134-1 – Intermodulation interference calculations in the land-mobile service.
[bookmark: _Toc273977809][bookmark: _Toc290220475][bookmark: _Toc290406773][bookmark: _Toc324153200][bookmark: _Toc324424246][bookmark: _Toc324744203]4	Definitions
Co-location refers to antennas that are deployed on the same mast. For the purpose of this Report, antennas which are located in close proximity to one another (for example, antennas located on the rooftop of the same building but are installed on separate masts) are considered to be co-located due to the negligible geographic separation between the antennas.
Figure 1 below shows the basic radio parts of the interferer and the victim systems, including the interferer transmitter, aerial feeder, transmitting antenna, and the victim antenna, aerial feeder, receiver, that must be incorporated in a mathematical model. 
Figure 1
Basic radio part of the interferer and interfered with systems
[image: ]

The interference signal of the interfering system passes through the aerial feeder, is radiated from the interferer antenna, and is propagated through the air and is received by the interfered with receiver through the antenna and its aerial feeder.
Antenna isolation is defined as the loss between points A and B, the two antenna ports, as shown in Fig. 1. The main parameters affecting the isolation are the separation distance and the wavelength. Antenna‑to-antenna isolation is normally expressed in terms of dB of attenuation. Antenna isolation is often called antenna coupling loss, or antenna decoupling. 
It is important to distinguish antenna isolation from another frequently used concept, minimum coupling loss (MCL), often used in base station-to-base station interference analysis due to its simplicity. The MCL is defined as the loss between interfering BS Tx port (antenna connector) and the interfered with BS Rx port (antenna connector), as shown in Fig. 1. The relationship between MCL and antenna isolation can be thus written as:
		MCL = feeder_loss_1 + antenna isolation + feeder_loss_2	(1)
[bookmark: _Toc273977810][bookmark: _Toc290220476][bookmark: _Toc290406774][bookmark: _Toc324153201][bookmark: _Toc324424247][bookmark: _Toc324744204]5	Typical antenna configuration cases
In mobile network deployment, both multi-band antennas and space separated single band antennas are used depending on the radio site configuration. The isolation between antennas in a multi-band antenna configuration is provided by the manufacturer and cannot be adjusted during installation. It is thus not considered in the sections on analytical methods or measurements, where the focus is on isolation obtainable by variable space separation.
[bookmark: _Toc290220477][bookmark: _Toc290406775][bookmark: _Toc324153202][bookmark: _Toc324424248][bookmark: _Toc324744205][bookmark: _Toc273977811]5.1	Antenna isolation of space separated antennas
In practice, single band antennas (vertical polarized antenna and cross polarized antenna) are frequently used in mobile network deployments. Careful consideration of antenna isolation is necessary for co-located base stations to avoid excessive interference. 
[bookmark: _Toc290220478][bookmark: _Toc290406776][bookmark: _Toc324153203][bookmark: _Toc324424249][bookmark: _Toc324744206]5.2	Antenna isolation of multi-band antennas
Figure 2 below shows an example of a cross-polar tri-band antenna (900 MHz, 1 800 MHz, and 2 GHz) with 6 ports. The multi-band antenna technical characteristics provided by the antenna manufacturer include two antenna isolation parameters: intra-band inter-port isolation and inter‑band isolation. The typical intra-band inter-port and inter-band isolation is approximately 30 dB. In the technical specification of IMT-2000 CDMA DS, an assumption of MCL = 30 dB is used in the co-location requirement specification, see e.g. § 6.6.3.4 in [1].
Figure 2
Illustration of a cross-polar tri-band antenna
[image: ]
[bookmark: _Toc273977813][bookmark: _Toc290220479][bookmark: _Toc290406777][bookmark: _Toc324153204][bookmark: _Toc324424250][bookmark: _Toc324744207]6	Basic analytical methods for determining antenna isolation
The amount of isolation that can be achieved between antennas depends on several factors, such as the physical separation distance between the antennas, polarization, radiation pattern of the antennas and whether the antennas are within the main beam of each other, and the conducting properties of the antenna tower. This isolation can most accurately be determined through on-site measurements. However, such measurement campaigns may be too costly and time-consuming. As an alternative, different methods of analytical modelling is proposed in this section. 
Nevertheless, it should be noted that the empirical or semi-empirical equations found in literature for calculating antenna isolation, like those presented below, can provide a quick estimate of the antenna isolation but must also be used with caution, as a number of different factors, including those listed above, may substantially influence the required isolation. 
This section provides information that may be helpful for obtaining estimates of the isolation between co-located base station antennas or between closely spaced base station antennas operating at the same frequency with the same polarization, and where it is assumed that influence from objects near the antennas can be disregarded. For this case, antenna isolation is primarily a function of the wavelength, antenna types (omni vs directional), antenna characteristics (downtilt, gain, radiation patterns, etc.) and relative spatial configurations.
[bookmark: _Toc290220480][bookmark: _Toc290406778][bookmark: _Toc324153205][bookmark: _Toc324424251][bookmark: _Toc324744208]6.1	Horizontal space isolation calculation
Figure 3
Horizontal isolation
[image: ]
The horizontal free space antenna isolation for a scenario as described in Fig. 3 can be computed by the following equation: 
		IH[dB] = 22 + 20lg (dh/λ) – (GTx + GRx) – (SL(ρ)Tx + SL(θ)Rx)	(2)
Where the space distance dh between two antennas satisfies the following approximate far-field condition (see [2]):
		dh ≥ 2D2/ λ
Note that the accuracy of this approximation decreases with decreasing antenna gain. 
The parameters involved are defined as follows:
	D[m]:	the maximum dimension of the largest of the transmitter or receiver antennas
	IH[dB]:	isolation between horizontally separated transmitter and receiver antennas
	dh [m]:	the horizontal distance from the centre of interferer antenna to that of the interfered with receiver antenna
	λ[m]:	the wavelength of the interfered with system frequency band
	GTx[dBi]:	maximum gain of the transmitter antenna with respect to an isotropic antenna (dBi)
	GRx[dBi]:	maximum gain of the receiver antenna with respect to an isotropic antenna (dBi)
	SL(ρ)Tx[dB]:	gain of the side-lobe with respect to the main-lobe of the transmitter antenna (negative value), see Fig. 4
	SL(θ)Rx[dB]:	gain of the side-lobe with respect to the main-lobe of the receiver antenna (negative value), see Fig. 4.
Figure 4
Influence of antenna azimuthal angle


Equation (2) can be deduced from the Friis formula [2], which gives the following relation (in the linear domain) between the received (PRx) and transmitted power (PTx) for line-of-sight conditions: 
		PRx/PTx = (GTx * SL(ρ)Tx)(GRx * SL(θ)Rx)(λ/4π dh)2	(3)
By introducing the isolation IF = PTx/PRx and converting the Friis formula to dB scale, we get equation (2) above. The Friis formula, and thus equation (2) above, does not only apply to horizontal separation between antennas, but to any arbitrary separation. Furthermore, it can be used with arbitrarily rotated antennas, as indicated by the inclusion of the maximum and side-lobe antenna gains in the equation. Consequently, the equation can incorporate effects from both antenna tilt and variations in azimuthal angle.[footnoteRef:1] [1: 	WG ST4 of CCSA (China Communications Standards Association), has produced a relevant recommendation/report on antennas isolation, Technical requirements for co-location and sharing of the telecommunication infrastructure: Part 1: communication steel tower and mast, which also contains this formula for antenna isolation.] 

A simplified version of the equation above, applicable to dipole antennas and thus excluding the terms GTx, GRx, SL(ρ)Tx or SL(θ)Rx, can be found in Recommendation ITU-R SM.337-6 [3]. For that particular scenario, it is proposed that the separation should be at least 10λ for the equation to be valid.
Using equation (2), Table 1 provides estimates of the horizontal separation distances that are needed to obtain 30, 45 or 60 dB isolation for 2 base station antennas operating at the frequencies indicated. 
These frequencies were taken as representative of downlink frequencies used in IMT system deployments currently in operation or planned for the 450-470 MHz, 698-960 MHz, 1 710‑1 980 MHz, 2 110-2 200 MHz and the 2 500-2 690 MHz IMT bands. The calculations performed assumed both antennas were at the same height (i.e. mounted on the same platform or mounted on platforms of identical height). It is clear that the requirements on physical separation are sensitive to the antenna gain in the direction of the other antenna as well as the frequency used. 
TABLE 1
Horizontal separation distances (metres) to obtain 30, 45 and 60 dB antenna isolation

	
	Separation distance for 0 dB gain in the direction of the other antenna
	Separation distance for 5 dB gain in the direction of the other antenna

	
	Required antenna isolation (m) 
	Required antenna isolation (m)

	Frequency (MHz)
	Wavelength (m)
	30 dB
	45 dB
	60 dB
	30 dB
	45 dB
	60 dB

	465
	0.645
	1.62
	9.11
	51.25
	0.51
	2.88
	16.21

	725
	0.414
	1.04
	5.84
	32.87
	0.33
	1.85
	10.39

	810
	0.370
	0.93
	5.23
	29.42
	0.29
	1.65
	9.30

	880
	0.341
	0.86
	4.82
	27.08
	0.27
	1.52
	8.56

	940
	0.319
	0.80
	4.51
	25.35
	0.25
	1.43
	8.02

	1 840
	0.163
	0.41
	2.30
	12.95
	0.13
	0.73
	4.10

	1 960
	0.153
	0.38
	2.16
	12.16
	0.12
	0.68
	3.84

	2 160
	0.139
	0.35
	1.96
	11.03
	0.11
	0.62
	3.49

	2 655
	0.113
	0.28
	1.60
	8.98
	0.09
	0.50
	2.84


[bookmark: _Toc290406779]
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[bookmark: _Toc324424252][bookmark: _Toc324744209]6.2	Vertical space isolation calculation
Figure 5 
Vertical isolation
[image: ]
Vertical isolation can be computed by the following equation, based on the work in [4]:
		Iv[dB] = 28 + 40*lg(dv/) 	(4)
The equation is applicable for vertical dipoles, and when dv is greater than 10*. For a derivation of this formula, see Annex 4. 
Note that equation (4) does not require any information regarding the antenna gains in the direction of the other antenna. It is based on the assumption of having perfectly oriented antennas in the sense of showing pattern nulls to each other. For such a case with perfectly oriented antennas, only field components decreasing like 1/r2 and hence power density decreasing like 1/r4 will contribute. These field components are near-field components of any direction, even radial components may contribute. For large distances the isolation will be very high. In particular, equation (4) applies to vertically separated short dipoles for such a scenario. 
It is important to note that it may be very difficult to guarantee that the prerequisites for equation (4) holds in reality, see further Fig. 7 below. For a scenario where these requirements do not hold, i.e. where the antenna orientation accuracy does not guarantee antenna pattern nulls in the required direction, the Friis formula still applies, see equation (3) above. This formula allows the antenna gains in the relevant directions to be taken into account. Taking antenna mounting imperfections into account these gain values should be chosen conservatively.
Where:
	Iv[dB]:	isolation between vertically separated transmitter and receiver antennas
	dv[m]:	the vertical distance from the interferer antenna to the interfered with receiver antenna, measured from radiation centre-to-radiation centre
	 [m]:	the wavelength of the interfered with system frequency band.
Using equation (4), Table 2 provides estimates of the vertical separation distances that are needed to obtain 30, 45 or 60 dB isolation for 2 base station antennas operating at the frequencies indicated. These frequencies were taken as representative of downlink frequencies used in IMT system deployments currently in operation or planned for the 450-470 MHz, 698-960 MHz, 1 710‑1 980 MHz, 2 110‑2 200 MHz and the 2 500-2 690 MHz IMT bands. The calculations were performed under the assumption that both antennas were mounted on the same tower. 
TABLE 2
Vertical separation distances (metres) to obtain 30, 45 and 60 dB antenna isolation
	
	Required antenna isolation (m)

	Frequency (MHz)
	Wavelength (m)
	30 dB
	45 dB
	60 dB

	465
	0.645
	0.72 
	1.72 
	4.07 

	725
	0.414
	0.46 
	1.10 
	2.61 

	810
	0.370
	0.42 
	0.99 
	2.34 

	880
	0.341
	0.38 
	0.91 
	2.15 

	940
	0.319
	0.36 
	0.85 
	2.01 

	1 840
	0.163
	0.18 
	0.43 
	1.03 

	1 960
	0.153
	0.17 
	0.41 
	0.97 

	2 160
	0.139
	0.16 
	0.37 
	0.88 

	2 655
	0.113
	0.13 
	0.30 
	0.71 



[bookmark: _Toc273977815][bookmark: _Toc290406780][bookmark: _Toc324153207][bookmark: _Toc324424253][bookmark: _Toc324744210]6.3	Slant space isolation calculation
Figure 6
[image: ]
Slant isolation
Slant isolation can be computed by the following equation:
		Is[dB] = (Iv – Ih) * (α/90°) + Ih	(5)
Where:
	Is[dB]:	when antennas slantingly configured, the isolation between the transmitter antenna and receiver antenna
	Ih[dB]:	when antennas horizontally configured, the isolation between the transmitter antenna and receiver antenna
	Iv[dB]:	when antennas vertically configured, the isolation between the transmitter antenna and receiver antenna
	α[°]:	the vertical angle between the transmitter antenna and receiver antenna.
Equation (5) is the linear interpolation of the equations for horizontal and vertical separation. It should be noted that the actual slant isolation is dependent on factors such as actual shape and taper of the antenna beams and that the linear interpolation might not provide a realistic estimation of the isolation. Note also the uncertainty regarding the factor representing the vertical isolation if equation (4) is used, as noted above.
The equation is applicable when dh ≥ 2D2/ λ and dv >10*, as for the horizontal and vertical cases. In Recommendation ITU-R SM.337 [3], it is proposed to use 10 as the required horizontal separation for the equation to be valid. 
It should be noted that Friis’ formula can be applied for this case as an alternative methodology. 
[bookmark: _Toc289251030][bookmark: _Toc290406781][bookmark: _Toc324153208][bookmark: _Toc324424254][bookmark: _Toc324744211]6.4	Simulation evaluation of analytical formulas 
The accuracy of different analytical methods have been compared to the results from simulations of antenna isolation, and are presented in Fig. 7 below. Antenna separation is here measured from centre to centre. The details of the methodology are described in Annex 2. 
FIGURE 7
Simulation results for isolation between dipole antennas[image: ]
In Fig. 7, the different simulated antennas are denoted as follows: short dipoles are denoted “short”, half-wave dipoles “λ/2” and the dipole array “array”. Results for horizontal (H)/vertical (V) separation are depicted using solid/dashed lines, respectively. The “array” values are most relevant, as they represent the behaviour of a sector antenna. The far-field distance 2D2/λ = 82 m for the dipole array is depicted with a red dot-dashed vertical line. This fairly large far-field distance is the result of the low frequency employed, 300 MHz. 
The value 0.086 dBi employed in one of the Friis calculation corresponds to the antenna gain looking sideways (azimuth = 90°), a horizontal separation, and 4.4 dBi corresponds to looking upwards and downwards, a vertical separation. 1.76 dBi corresponds to a short dipole, and 2.15 corresponds to a half-wave dipole. 
From the results in Fig. 7, it is manifest that the most realistic antenna, the dipole array, follows the radial behaviour of the Friis formula for vertical separation. For small separations, where near‑field effects influence the results, the Friis formula will in some cases under-estimate and in other cases over-estimate the isolation. Formula (4) for vertical separation substantially exaggerates the isolation for the dipole array representing the sector antenna. 
It should be noted that in practice, antenna isolation in excess of 80-90 dB is very difficult to achieve due to secondary phenomena like reflections and scattering from the surrounding environment, mechanical or electrical antenna downtilt, misalignments, etc.
[bookmark: _Toc273977818][bookmark: _Toc290220481][bookmark: _Toc290406782][bookmark: _Toc324153209][bookmark: _Toc324424255][bookmark: _Toc324744212]7	Additional considerations for antenna isolation
[bookmark: _Toc290220482][bookmark: _Toc290406783][bookmark: _Toc324153210][bookmark: _Toc324424256][bookmark: _Toc324744213][bookmark: _Toc273977819]7.1	Influence of objects near the antenna
The environment around the interfering and interfered antennas will influence the isolation between them. Examples of objects that may affect this isolation are walls and base station masts. This section thus focuses on the single tube tower’s influence on isolation, using simulations based on the Method of Moments, a standard method in the area of computational electromagnetics. Additional details and other examples can be found in Annex 3. 
Base station antenna masts are generally made of metal, and may thus reflect electromagnetic waves. The structure of masts can somewhat simplistically be divided into two kinds, either a framework of angle iron or a closed metal tube mast (sometimes referred to as single-tube tower), as illustrated in Figs 8 and 9. Given the different characteristics of these masts, it is reasonable to assume that they will affect the antenna isolation differently. Indeed, simulations for 900 MHz, 1 800 MHz and 2 100 MHz show that for a framework of angle iron with cross-section edges length of about 1 m and a distance between dipole and a framework of angle iron axis of more than 2.5 m, the influence of the angle iron on the isolation is quite small. 
For a closed metal tube mast with radius about 0.35 m and a distance between dipole and the mast axis of about 1.8 m, simulations for 900 MHz, 1 800 MHz and 2 100 MHz show that the influence of the mast on the isolation is quite small. In the simulations the angle between the two antennas is set to 60°, 120° and 180°. The results indicate that when the angle between the antennas is 60° or 120°, the isolation decreases by no more than 3 dB. For a scenario where a mast is directly in‑between two antennas (angle is 180°), isolation may increase substantially, sometimes more than 10 dB. 
Based on these results, one may draw the conclusion that for the case of directional antennas, which are frequently used in the land mobile service, the characteristics of the side lobes of such antennas (schematically described in Fig. 10) may influence the antenna isolation. As shown in Fig. 10, it may be difficult to estimate in detail the influence of an object such as a mast on antenna isolation. The antenna gain in the direction of the other antenna may be different from towards the object, possibly resulting in reflections, and may cause higher interference power at the affected antenna. For a scenario where a mast is directly in-between two antennas, isolation may increase substantially, as the mast may block the radio wave propagation.

	Figure 8
BS mast: Framework of angle iron
	Figure 9
BS mast: Single-tube tower
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Figure 10
Antenna patterns of two antennas sharing a metal mast, reflections cause more receiving power of antenna R 


[bookmark: _Toc273977820][bookmark: _Toc290220483][bookmark: _Toc290406784][bookmark: _Toc324153211][bookmark: _Toc324424257][bookmark: _Toc324744214][bookmark: _Toc273977821][bookmark: _Toc290220484]7.2	Frequency dependency
[bookmark: _Toc273977822]An antenna is a radiating device. The technical characteristics of any given antenna usually contains the frequency range, antenna radiation patterns (horizontal and vertical), VSWR, gain, etc. An important observation is that these characteristics may be frequency dependent.
For the specified frequency range, the antenna radiation patterns, gains, and other characteristics are optimum. Outside the specified frequency range, however, the radiation patterns, the antenna gains, and VSWR are usually worse than those provided in the technical profile. It is consequently necessary to take this frequency dependency into account if the two antennas in question have different operating frequency bands.
Antenna isolation is a function of the antenna radiation patterns, gains, and propagation losses between the two antennas in close proximity. 
For a given frequency band, all of these parameters are almost constant or similar and so the antenna isolation is not considered as frequency dependent in a specific frequency band. But between two antennas with different operating frequency bands, the inter-band antenna isolation is frequency dependent due to the difference in propagation loss and antenna characteristics in the different frequency bands.
The MCL interference calculation between BSs for a given frequency band can be calculated from the following expression (in linear units),
		I_total = TxP/ACIR/MCL		(6)
where
	I_total	is the total received interference
	TxP	is the transmit power of the interfering BS.
		1/ACIR = 1/ACLR + 1/ACS	(7)
		MCL = Feeder_Loss_1 * Antenna Isolation * Feeder_Loss_2	(8)
In the case where the interfering BS and interfered wtih BS are operating in two different frequency bands (Band_1 and Band_2, respectively) or have a significant frequency separation, the antenna gain, radiation pattern, and propagation loss can be very different in the frequency Bands 1 and 2, as shown in Fig. 11. The ACLR from the Band_1 BS to the Band_2 BS is calculated with the spurious emission levels defined in the Band_1 BS specifications, and the ACS of the interfered with BS in the Band_2 is derived with the blocking level of the Band_2 BS specifications.
Figure 11
Inter-band interference analysis scenario
[image: Figure 11]

The total received interference level, I_total, in linear unit can be expressed as:
		I_total = I1 + I2 = TxP/ACLR/MCL1 + TxP/ACS/MCL2	(9)
If an effective MCL (MCLe) is defined as:
		I_total = TxP/ACIR/MCLe	(10)
From (10) and (11), we obtain:

			(11)
where:
	TxP	is the transmit power of the interfering BS.
	MCL1=Antenna Isolation(Band_1  Band_1) * Feeder_Loss_1* Feeder_Loss_2 	(12)
	MCL2=Antenna Isolation(Band_2  Band_2) * Feeder_Loss_1* Feeder_Loss_2	(13)
It should be noted that:
−	Antenna isolation (Band_1  Band_1) refers to measuring the antenna isolation at a specific frequency within the frequency band of Band_1; and
−	Antenna isolation (Band_2  Band_2) refers to measuring the antenna isolation at a specific frequency within the frequency band of Band_2.
It can be seen from equations (12) and (13) that the antenna isolations between the Band_1 antenna and the Band_2 antenna should be measured at a frequency in Band_1, as well as at a frequency in Band_2. These two antenna isolations are usually different, as described in § 8. 
[bookmark: _Toc290220485][bookmark: _Toc290406785][bookmark: _Toc324153212][bookmark: _Toc324424258][bookmark: _Toc324744215]7.3	Polarization
The analytical formulas in § 6 assume that transmitter and receiver antennas have the same polarization. In the case where polarizations differ, antenna isolation will increase. The magnitude of this polarization discrimination depends on the polarizations of the transmitter and receiver antennas. See § 8 for measurements on additional isolation due to differences in polarization of transmitting and receiving antennas. 
[bookmark: _Toc290220486][bookmark: _Toc290406786][bookmark: _Toc324153213][bookmark: _Toc324424259][bookmark: _Toc324744216]7.4	Multiple interfering antennas
In a scenario with base stations that are co-located, there may be multiple systems, and each system may have multiple antennas. It may thus be necessary to consider interference from multiple antennas. 
Figure 12 below shows the beam pattern of multiple antennas sharing the same tower and mast. There are 4 systems on the 3 platforms of the mast, each system equipped with 3 antennas. There are 2 systems on the bottom platform, and one on each of the upper two platforms. 
By accumulating interference from all interfering antennas, the total interference power received by each antenna of the different systems can be calculated. The antenna installation as a whole can then be determined as acceptable or not.
Figure 12
Beam patterns of a multi-system and multi-antenna scenario using a communal mast
[image: ]
[bookmark: _Toc290220487][bookmark: _Toc290406787][bookmark: _Toc324153214][bookmark: _Toc324424260][bookmark: _Toc324744217]8	Antenna isolation measurements
[bookmark: _Toc324153215][bookmark: _Toc324424261][bookmark: _Toc324744218][bookmark: _Toc273977825]8.1	Measurement methodology
The antenna isolation between spatially separated antennas is usually modelled based on measurements. Antenna isolation measurements require careful planning and preparation which, furthermore, requires a special measurement environment and test bed. An antenna isolation measurement configuration is illustrated in Fig. 13, where two spatially separated antennas (antenna 1 and antenna 2) are connected to a network analyser. A signal at a desired frequency is generated by the network analyser and sent to the input of antenna 1, the output of the signal at antenna 2 is measured and recorded by the network analyser. With calibrated connection cables, by taking into account the cable loss, the difference of signal power level at the antenna 2 output and that at the antenna 1 input is taken as antenna isolation.
Figure 13
Antenna isolation measurement configuration between two spatially separated antennas
[image: ]
Based on the description of antenna isolation frequency dependency, two different scenarios can be distinguished when measuring antenna isolation: 
1)	Antenna isolation between antennas in the same frequency band
When two antennas have the same operation frequency band, the centre frequency of the band is used in the measurement, and so the antenna isolation is measured at this single frequency point.
2)	Antenna isolation between antennas in different frequency bands
When considering the measurement of antenna isolation between two antennas operation in two different frequency bands, Band_1 and Band_2, there are, in practice, three measurement configurations between the Band_1 antenna and the Band_2 antenna, as summarized in Table 3.
TABLE 3
Measurement configurations to measure isolation between two antennas
operating in two different frequency bands
	Configuration No.
	Tx signal frequency at Band_1 antenna
	Rx signal frequency at
Band_2 antenna
	Antenna isolation

	1
	Band_1
	Band_1
	Antenna isolation
(Band_1  Band_1)

	2
	Band_2
	Band_2
	Antenna isolation
(Band_2  Band_2)

	3
	Scanning the frequencies in Band_1 & Band_2
	Scanning the frequencies in Band_1 & in Band_2
	Minimum antenna isolation (Iso_min)



Where,
−	Antenna Isolation (Band_1 Band_1) refers to measuring the antenna isolation at a specific frequency within the frequency band of Band_1.
−	Antenna Isolation (Band_2 Band_2) refers to measuring the antenna isolation at a specific frequency within the frequency band of Band_2.
[bookmark: _Toc290220488][bookmark: _Toc290406788][bookmark: _Toc324153216][bookmark: _Toc324424262][bookmark: _Toc324744219]8.2	Measurement results
The results from four different antenna isolation measurement campaigns are presented below, and are compared to the analytical results in § 6. Note also that measurements carried out for the VHF band in Report ITU-R M.2141 [5] and thus, are not presented in this Report.
[bookmark: _Toc290220489][bookmark: _Toc290406789][bookmark: _Toc324153217][bookmark: _Toc324424263]8.2.1	Co-located base station antennas in the band 2 500-2 690 MHz
This section presents the results of a practical measurement campaign of antenna isolation in the case that two base station antennas are co-located and operating in the frequency range 2 500‑2 690 MHz. The basic characteristics of the commercially available antenna used for the measurement campaign are described in Table 4.
[bookmark: _Ref233769920][bookmark: _Toc236220818]TABLE 4 
Basic antenna characteristics[footnoteRef:2] [2: 	The antenna model used for the test is AM-X-WM-17-65-00T-RB.] 

	Parameter
	Value

	Operating frequency
	2.6 GHz

	Antenna gain
	17.5 dBi

	Antenna beamwidth
	65°



Several antenna configurations were considered for the measurement including horizontal separation, vertical separation and a mix of both. Additionally, in these basic scenarios, measurements have been taken whilst varying the boresight direction of the two antennas and the down tilt angle by electrical tilt. 
The isolation scenarios for the measurement campaign are summarized as follows:
1)	horizontal separation, boresight direction variation and electrical tilt;
2)	vertical separation, boresight direction variation and electrical tilt;
3)	combination of horizontal and vertical separation.
[bookmark: _Toc236220805][bookmark: _Toc273977826]8.2.1.1	Isolation with horizontal separation
Antenna isolation for horizontal separation was measured for different horizontal distances between the two antennas, different angles of down tilt, and different boresight angle directions. In addition, polarization has been considered as illustrated in Fig. 14. 
[bookmark: _Ref252784268]Figure 14
Antenna polarizations
[image: ]
Two antennas are horizontally installed at the same height of each pole. The isolation is measured while increasing the horizontal separations, measured centre-to-centre, between the two antennas as illustrated in Fig. 15. Figure 16 shows the results.
FIGURE 15
Antenna configuration for the horizontal separation(s)
[image: ]

Figure 16
[bookmark: _Toc236220832]Antenna isolation vs. horizontal spacing
[image: ]
The measured isolation ranges from 50 dB to 63 dB depending on separation distance and polarization. For the results in Fig. 16, each antenna is facing the same direction. However, further measurements showed that a change of boresight direction of one antenna with respect to the other, can significantly influence the isolation. 
Figure 17 shows the antenna configuration for measuring the antenna isolation whilst varying the relative boresight angle. The two antennas are horizontally installed with 3 m separation between the poles. As the boresight angle of one antenna against the other antenna increases from −45° to 45°, the isolation was measured. The results are shown in Fig. 18. Cross polar operation was employed.
[bookmark: _Ref252868594]Figure 17
Antenna configuration for varying the relative boresight angle
[image: ]
[bookmark: _Ref252784600][bookmark: _Toc236220833]Figure 18
Boresight angle vs. antenna isolation
[image: ]

The results in Fig. 18 show that positive rotation of the relative boresight angle direction can improve the isolation by approximately 20 dB as the antenna boresight directions diverge. Electrical tilting of the antenna pattern also significantly improves isolation.
Figure 19 shows the antenna configuration with the two antennas horizontally located 3 m apart. The down-tilt of the two antennas is increased from 0° to 8° simultaneously and the isolation is measured. The results are shown in Fig. 20. Cross polar operation is employed.
Figure 19
Antenna configuration for down-tilt measurements
[image: SDC10061_resize][image: ]
[bookmark: _Ref252878702]Figure 20
[bookmark: _Ref252785441][bookmark: _Toc236220834]Electrical down-tilt vs. antenna isolation
[image: ]

Figure 20 shows that isolation can be improved by 20 dB, and provides an antenna isolation of 76 dB, with 4° of down-tilt and horizontal separation of 3 m. 
[bookmark: _Toc236220806][bookmark: _Toc273977827]8.2.1.2	Isolation with vertical separation
Vertical separation can also be employed to isolate two antennas in a co-site situation. The basic configuration is depicted in Fig. 21. The spatial separation is measured edge-to-edge. Antenna isolation for a range of vertical separation distances was measured with different vertical distances between the two antennas. In addition the effect of the angle of down tilt and relative boresight angle direction are investigated. Cross polar operation was employed in all these scenarios.
To measure the isolation against vertical separation, the antenna configuration is illustrated in Fig. 21. Two antennas were installed on the same pole and as the vertical distance between the two antennas increased from 0 to 1 m, the isolation was measured. The results are shown in Fig. 22.
[bookmark: _Ref252870352]Figure 21
Antenna configuration for vertical separation
[image: ]
[bookmark: _Ref252786108][bookmark: _Toc236220835]Figure 22
Vertical isolation vs. vertical spacing
[image: ]

Figure 22 shows the measurement results as the vertical separation distance between the two antennas is increased. The measurement results show that simple vertical separation can achieve isolation of more than 70 dB. It can be observed that vertical separation appears to be more effective in isolating antennas than horizontal separation.
For testing the impact of down-tilt with vertically separated antennas, two antennas were installed on the same pole with the same varying electrical down-tilt and separated by 0.5 m as illustrated in Fig. 23. The measurement results are shown in Fig. 24.
FIGURE 23
Antenna configuration for down-tilt in vertically separated antennas
[image: ]
[bookmark: _Ref252872909]Figure 24
Electrical down-tilt vs. antenna isolation
[bookmark: _Ref252786402][bookmark: _Toc236220837][image: ]

The measurement results in Fig. 24 show that as for the horizontal separation case, electrical down-tilt can improve antenna isolation at some settings. In this example, the down-tilt of 4° maximized the isolation by 7 dB at around 83 dB.
To measure the effect of the relative boresight directions in vertically separated antennas the antenna configuration Fig. 25 was used. The direction of one antenna is fixed whilst the other antenna is rotated from 0° (both antennas pointing in the same direction) to 180° relative to the fixed antenna. The isolation measurement results are shown in Fig. 26.
Figure 25
Antenna configuration for varying the relative boresight
in vertically separated antennas
[image: ]
Figure 26
Vertical angle vs. antenna isolation 
[image: ]

Figure 26 shows the improvement in isolation by increasing the antenna angle. Rotation of the boresight angle is less effective below 90° and rotation of the boresight angle up to 180° only increased the measured isolation by 10 dB.
[bookmark: _Toc236220807][bookmark: _Toc273977828]8.2.1.3	Horizontal and vertical separation
A combination of horizontal and vertical separation is another option to be taken into account. Two antennas were installed at different heights on separate poles as illustrated in Fig. 27. Since Fig. 22 suggests limited improvement in isolation above 1 m vertical separation, this was fixed whilst the horizontal separation was varied for the measurement process. Figure 28 shows the results of the isolation measurements. 
FIGURE 27
Antenna configuration for horizontal and vertical separation
[image: ]
[bookmark: _Ref252871715]Figure 28
Horizontal & vertical spacing vs. antenna isolation
[image: ]
The isolation according to increasing horizontal separation with fixed 1 m vertical separation is shown at Fig. 28. Interestingly, the isolation for the mixed horizontal and vertical separation is decreasing with the increase in horizontal separation distance. But this is still better than that in the case of simple horizontal isolation. Therefore, mixed horizontal and vertical separation may be more effective where use of same antenna pole for both BS antennas is not possible.
[bookmark: _Toc236220808][bookmark: _Toc273977829]8.2.1.4	Result summary
[bookmark: OLE_LINK2][bookmark: OLE_LINK1]The measured isolation for all the antenna configurations considered is summarized in Table 5.
If isolation with only the horizontal antenna configuration is considered, then a maximum of 76 dB isolation was measured with 3 m separation and 4° of electrical down-tilt. On the other hand, with vertically separated antennas, a maximum of 83 dB isolation was measured with 0.5 m separation and 4° of electrical down-tilt. However, the practical configuration may depend upon the environment of the base station antenna installation, as well as the required isolation for protecting the system performance[footnoteRef:3]. [3: 	The contribution that antenna isolation can bring to the overall inter-base station isolation is examined further in WiMAX Forum Whitepaper “Managing TDD-FDD interference between co‑sited base stations deployed in adjacent frequency blocks”.] 

[bookmark: _Ref252878534]TABLE 5
Summary of antenna configuration and measured isolation
	Antenna configuration
	Measured isolation

	Horizontal separation 3 m/8 m
	56 dB/61 dB

	Horizontal separation 3 m with 0°/+15°boresight angle rotation
	56 dB/60 dB

	Horizontal separation 3 m with 0°/4°electrical down-tilt
	56 dB/76 dB

	Vertical separation 0 m
	70 dB

	Vertical separation 1 m with different antenna pole (horizontal separation 1 m)
	76 dB

	Vertical separation 0.5 m with 0°/4°electrical down-tilt
	76 dB/83 dB



These results may be compared to those obtained from the analytical formula in § 6. For 2 665 MHz the necessary horizontal separation to obtain 60 dB isolation is 9.0 or 2.85 m, depending on the antenna gain in the direction of the other antenna, which is not in contradiction with the results above. The analytical results for 2 665 MHz and a vertical edge-to-edge separation of 0.71 m is an isolation of 60 dB, somewhat lower than the measured results. 
[bookmark: _Toc273977830][bookmark: _Toc290220490][bookmark: _Toc290406790][bookmark: _Toc324153218][bookmark: _Toc324424264]8.2.2	Measurements of horizontal separation in the 900, 1800 and 2 GHz bands
Measurements of isolation due to horizontal separation of mono-band antennas have been carried out for 900, 1 800 and 2 000 MHz with antenna characteristics as defined in Table 6. The results are presented in Table 7, where the separation distance between the antennas is expressed as edge‑to‑edge.  
TABLE 6
Specifications for measured antennas
	[bookmark: _Toc290220491]Frequency (MHz)
	Antenna gain 
(dBi)
	Polarization
	Horizontal opening (°)
	Vertical opening (°)

	[bookmark: _Toc290220492]900
	[bookmark: _Toc290220493]16
	[bookmark: _Toc290220494]Cross-polarized
	[bookmark: _Toc290220495]65
	[bookmark: _Toc290220496]8

	[bookmark: _Toc290220497]1 800
	[bookmark: _Toc290220498]17
	[bookmark: _Toc290220499]Cross-polarized
	[bookmark: _Toc290220500]65
	[bookmark: _Toc290220501]6

	[bookmark: _Toc290220502]2 000
	[bookmark: _Toc290220503]18
	[bookmark: _Toc290220504]Cross-polarized
	65
	6



TABLE 7
Measured antenna isolation (in dB) with horizontal separation
	Dh (m)
	900 MHz
	1 800 MHz
	2 GHz

	0,5
	35
	43
	47

	1
	38
	45
	51

	2
	44
	49
	56

	3
	46
	53
	62



The typical 900 MHz panel antenna (16 dBi gain) length is about 1.8 m, and 2 GHz band antenna (18 dBi) is about 1.2 m, the analytical formula described in § 6 is for far-field distance >=2D2/λ, for the horizontal separation distance between 0.5 and 3 m, it is in near-field domain, the analytical formula given in § 6 is not valid for near-field domain, so it is difficult to compare the analytical results with the measurement presented in Table 7.
[bookmark: _Toc290220505][bookmark: _Toc290406791][bookmark: _Toc324153219][bookmark: _Toc324424265]8.2.3	Measurements of vertical isolation on a real base station tower
8.2.3.1	Introduction
Experiments were carried out in Tangshan city, in the Hebei Province of China in July, 2010. The environment is plain suburban. The temperature was 24ºC, and the relative humidity was 55%. The major equipment used in the experiment are listed below:
1)	Two ± 45° polarized antennas with frequency range 820-960 MHz, and length of 0.75 m;
2)	Two vertical polarized antennas with frequency range 820-960 MHz, and length of 0.69 m;
3)	Portable vector network analyser with output power set to 6 dBm;
4)	Laser range finder, meter stick, coaxial cables, adapters, etc.
8.2.3.2	Experimental scenario
The measurement was done in a real single-tube antenna tower with the following characteristics:
•	height = 45 m 
•	diameter = 0.7 m
•	height of platform for operators and instruments = 35 m
•	platform structure (circular steel cage), with radius = 3.6 m
•	the vertical isolation between the two BS antennas was measured in 890 MHz and 830 MHz.
Figure 29 shows the set-up of the experiment.
Figure 29
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Set-up of the experiment 



In the experiment, the pole was connected to platform and the antennas were installed on the pole, the pole can move. So we set two scenarios: A, Antenna close to platform edge; B, antenna away from platform about 1.2 m, as shown in Fig. 30.
Figure 30
Antenna pole close to the platform and away from the platform 
[image: Picture set-up]

According to different polarization combinations, four experiments items were designed: 
1)	Vertical polarization vs. vertical polarization;
2)	Vertical polarization vs. 45° polarization;
3)	In-phase 45° polarization;
4)	Orthogonal 45°polarization,
as shown in Fig. 31. 
Generally speaking, polarization is defined with respect to a reference plane – which is formed by the plane containing the direction of propagation of the electromagnetic (e.m.) wave and the normal to the surface (on which the e.m. wave impinges). In the case of dipole antennas, the reference plane is formed by the plane containing the antenna axis and the direction of propagation of the e.m. wave. However, some textbooks go a step further and use the earth’s surface directly as the reference plane. This Report employs the same simplification and assumes that polarization can be defined with respect to the earth’s surface, If the antenna axis is parallel to the earth’s surface, then the polarization is deemed horizontal, while if the axis is perpendicular to the earth’s surface, the polarization is vertical. This simplification and consequent definition of polarization are both depicted in Fig. 31. 
Figure 31
Items of different polarization and downtilt combinations, as seen from the side



The following Fig. 32 is a photo of the experiment:
figure 32
Worker is installing an antenna
[image: DSCF2010]

8.2.3.3	Measurement results
The following tables show measurement results. Readings 1 and 2 correspond to measurements of the same scenario, but at different points in time. 


TABLE 8
Vertical isolation of item 1 (Vertical polarization ~ Vertical polarization)
	Sequence
	Frequency (MHz)
	Edge distance (m)
	Reading 1 (dB)
	Reading 2 (dB)
	Scenario 

	1
	890
	0.21
	47.22
	–
	Close

	
	890
	0.21
	46.24
	–
	Away

	2
	890
	1.32
	59.92
	60.42
	Close

	
	890
	1.32
	60.15
	61.00
	Away

	3
	890
	2.38
	54.65
	55.67
	Close

	
	890
	2.38
	61.26
	60.86
	Away

	4
	890
	3.77
	–
	–
	Close

	
	890
	3.77
	64.68
	64.46
	Away



TABLE 9
Vertical isolation of item 2（vertical polarization ~ 45° polarization）
	Sequence
	Frequency (MHz)
	Edge distance (m)
	Reading 1 (dB)
	Reading 2 (dB)
	Scenario 

	1
	890
	0.30
	55.33
	–
	Close

	
	890
	0.30
	57.14
	–
	Away

	2
	890
	3.50
	69.20
	70.07
	Close

	
	890
	3.50
	71.50
	–
	Away

	3
	830
	3.50
	60.77
	–
	Away



TABLE 10
Vertical isolation of item 3 (In phase 45° polarization)
	Sequence
	Frequency (MHz)
	Edge distance (m)
	Reading 1 (dB)
	Scenario 

	1
	890
	0.19
	44.76
	Close 

	
	890
	0.19
	55.06
	Away

	2
	830
	0.19
	52.71
	Close 

	
	830
	0.19
	58.28
	Away

	3
	890
	3.62
	61.27
	Close 

	
	890
	3.62
	66.73
	Away





TABLE 11
Vertical isolation of item 4（Orthogonal 45° polarization）
	Sequence
	Frequency (MHz)
	Edge distance (m)
	Reading 1 (dB)
	Scenario 

	1
	830
	0.19
	54.76
	Close 

	
	830
	0.19
	58.08
	Away

	2
	890
	3.62
	68.89
	Close 

	
	890
	3.62
	73.52
	Away



In the study, we can find that in many cases, vertical isolation of “scenario A: close” is less than that of "scenario B: away from platform". One reason can be analysed using ray tracing method. As shown in Fig. 33, there is a metal structure near two vertical isolated antenna, in addition to the vertical coupling (corresponding to the vertical isolation), there is also lateral reflection – reception between the two antennas (as the Line 1 and Line 2 in Fig. 33 indicate), which means an increase of energy coupling and isolation reduction. Therefore, the results of “scenario B: away from platform” is more nearly to “pure vertical isolation”. But the measurement results of “scenario A: close” is also valuable, because in the actual antenna installation, sometimes the antenna is close to metal platform. 
Figure 33
The energy transfers near metal structure: Vertical coupling and lateral reflection – reception


For some measurement cases, there is good agreement with the analytical results obtained from equation (4), for instance in the case of separation no more than 1.5 m and when both antennas have vertical polarization. For instance, this equations gives a required vertical separation distance of 2.16 metres to obtain 60 dB isolation for 880 MHz with the same polarization of transmitter and receiver. The corresponding result from these measurements is for 890 MHz between 1.3 and slightly more than 2 m. Note, however, that for some cases, the differences between the formula and the measured isolation may be up to 15 dB. See further Figs 34 and 35 for a comparison between some of the measurement results and what is predicted by the equations of § 6. 
figure 34
Vertical isolation (Vertical polarization ~ Vertical polarization)
[image: ]
figure 35
Vertical isolation (In phase 45° polarization)
[image: ]
Different polarization of transmitter and receiver increases isolation as expected. The decrease in antenna isolation with the antennas nearer the mast is also as expected; where the presence of an antenna mast, causing reflections, decreases the isolation compared to a free space scenario.  
[bookmark: _Toc290220506][bookmark: _Toc290406792][bookmark: _Toc324153220][bookmark: _Toc324424266]8.2.4	Inter-band antenna isolation measurement results
Antenna isolation (coupling loss) between two dipole antennas has been measured in the laboratory at three frequencies: 900 MHz, 2 000 MHz, and 2 600 MHz. The dipole antennas used in the measurement were specially designed antennas for laboratory measurement. For 900 MHz measurement, two 900 MHz dipole antennas are used. For 2 GHz and 2.6 GHz measurements, two wideband dipole antennas covering both 2 GHz and 2.6 GHz frequency bands are used. The antenna characteristics are summarized in Table 12.
TABLE 12
Antenna size and gain at different frequency bands
	Frequency
	900 MHz
	2 GHz
	2.6 GHz

	Antenna length
	18.5 cm
	7 cm
	7 cm

	Maximum gain
	2.25
	1.92
	2.1



The measured antenna isolation (coupling loss) at three frequencies for different horizontal separation and vertical separation distances are respectively plotted in Figs 36 and 37. It can be seen that antenna isolation is frequency dependent. The antenna isolation is greater for higher frequencies. 
Figure 36
Antenna isolation as function of horizontal separation distance (Edge to edge)
[image: ]
Figure 37
Antenna isolation as function of vertical separation distance (Edge to edge)
[image: ]

It should be noted that the antenna isolation at 2 GHz and 2.6 GHz bands has been measured using the same type of wideband dipole antennas. The antenna gain and radiation patterns in these two bands are very similar. The difference of antenna isolation mainly comes from the near-field propagation loss difference at different frequencies and coupling effect of the two near-by dipole antennas.
The measured antenna isolation as function of horizontal separation distance presented in Fig. 36 is compared with the analytical calculation by using the equation provided in § 6, for the small dipole antenna, the far-field condition 2D2/= 0.2 m for 900 MHz band (0.06 m and 0.08 m for 2 GHz and 2.6 GHz bands respectively), it is met at horizontal separation distance of 20 cm for 900 MHz band (6 cm and 8 cm for 2 GHz and 2.6 GHz band, respectively). The comparisons between measurements and analytical calculations for the three frequencies of 900 MHz, 2 000 MHz, and 2 600 MHz, are plotted in Fig. 38.
Figure 38
Comparison between measurements and analytical calculations (horizontal separation)


It can be seen that the analytical calculations are quite in line with the measurements, especially for the horizontal separation distance ≥20 cm for 900 MHz band, which is the far-field condition. For 2.6 GHz, the calculation and measurements match also quite well, in particular for the horizontal separation distance ≥6 cm.
The measured dipole antenna isolation with vertical separation presented in Fig. 37 is also compared with the analytical calculations based on the formula in § 6. The comparison curves for the three frequencies of 900 MHz, 2 000 MHz, and 2 600 MHz are plotted in Fig. 39.
The comparison curves in Fig. 40 show that the calculated antenna isolations are about 2 to 3 dB higher compared to the measured antenna isolations at vertical separation, they have the similar behaviour as function of vertical separation distance.
Figure 39
Comparison between measurements and analytical calculations (vertical separation)
[image: ]

Some antenna isolation measurement data between 900/1 800 MHz band antenna and 2 GHz band antenna at the frequency of 2 GHz are plotted in Fig. 40. The 900 MHz band antenna, 1 800 MHz band antenna, and 2 GHz band antenna have the same characteristics: x-polar antenna with maximum gain of 17 dBi, 65° horizontal opening, etc. 
Figure 40
Antenna isolation as function of horizontal separation distance (Edge to edge)
[image: ]

It is interesting to see that the antenna isolation between 900 MHz band antenna and 2 GHz band antenna is about 10 dB greater than that between 1 800 MHz band antenna and 2 GHz band antenna. Since both measurements have been done at the same frequency 2 GHz, this difference comes mainly from the antenna characteristics (gain, radiation patterns) of 900 MHz band antenna and 1 800 MHz band antenna at the frequency of 2 GHz.
[bookmark: _Toc290220507][bookmark: _Toc290406793][bookmark: _Toc324153221][bookmark: _Toc324424267][bookmark: _Toc324744220]9	Spurious emissions, blocking and intermodulation interference effects
As wireless communication systems develop, different mobile systems coexist, such as GSM, TD‑SCDMA, WCDMA and cdma2000 and so on. But the suitable sites to build the tower are limited. In some cases, it may then be beneficial for operators to share the towers to mount their base station antennas. When engineers configure the antennas, they need to adjust the distance between several antennas that share the tower. They not only need the method to get actual antenna isolation, but also the method to get the antenna isolation requirements. For further details see Annex 5. 
[bookmark: _Toc290220508][bookmark: _Toc290406794][bookmark: _Toc324153222][bookmark: _Toc324424268][bookmark: _Toc324744221]9.1	Spurious emission interference isolation analysis
When the transmitter noise floor or spurious emission signal falls in the frequency band of the interfered with system receiver, it will be interfered. For BS-to-BS interference, taking the protection margin into consideration, the isolation of spurious emission is the following:
[bookmark: OLE_LINK56][bookmark: OLE_LINK57]		Ispurious = Pemission – KBW – LTx – LRx – MRx 	(14)
where:
	Ispurious [dB]:	spurious emission isolation between the interferer and the interfered
	Pemission [dBm]:	the spurious emission specification of the interferer transmitter in the frequency band of the interfered with system in the specified measurement bandwidth
	BWTx [kHz]:	measurement bandwidth of the interferer system
	BWRx [kHz]:	channel bandwidth of the interfered with system
	LTx [dB]:	aerial feeder loss of the interferer system
	LRx [dB]:	aerial feeder loss of the interfered with system
	MRx [dB]:	the interference value to the interfered with system under certain protection ratio
	KBW [dB]:	bandwidth conversion factor 
		KBW= 10*log(BWTx/ BWRx)
MRxValue:
•	when the worsening ratio is 0.4 dB, MRx interference value is 10 dB lower than the noise floor of the interfered with receiver;
•	when the worsening ratio is 0.8 dB, MRx interference value is 7 dB lower than the noise floor of the interfered with receiver;
The noise floor of the system is equal to:
		NNoise = −174 + NF +10*log(Receiver_BW)	(15)
where:
	NNoise [dBm]: 	noise floor of the interfered with system
	NF[dB]:	noise figure of the interfered with system
	BW[Hz]: 	the channel bandwidth of the interfered with system.
[bookmark: _Toc290220509][bookmark: _Toc290406795][bookmark: _Toc324153223][bookmark: _Toc324424269][bookmark: _Toc324744222]9.2	Blocking interference isolation analysis
The isolation of blocking interference is the following:
		IBlocking = PTx – LTx – LRx – PBlocking	(16)
The detail information about parameters in equation (16) is in Annex 5.
[bookmark: _Toc290220510][bookmark: _Toc290406796][bookmark: _Toc324153224][bookmark: _Toc324424270][bookmark: _Toc324744223]9.3	Intermodulation interference isolation analysis
Before the analysis of intermodulation interference isolation, the probability of occurrence of odd and low-level intermodulation interference, that influences the performance of the interfered with system, due to more than two high‑level unwanted signals, should be analysed beforehand.
The isolation of intermodulation interference is the following:
		I intermodulation = Pintermodulation – NRx – 10*log(BWTx / BWRx) 	(17)
The detail information about parameters in equation (17) is in Annex 5. 
[bookmark: _Toc290220511][bookmark: _Toc290406797][bookmark: _Toc324153225][bookmark: _Toc324424271][bookmark: _Toc324744224]9.4	Isolation methodology
When several different radio systems are co-located, the antenna isolation concept can be brought into consideration in the calculation of interference between them, such as the isolations of horizontal (HI), vertical (VI) and slant (SI) antenna configurations. When space is available, the space distance between antennas should be large enough to guarantee sufficient isolation and more protection ratio against the interference. When antenna space isolation is not enough to meet the requirement, external band-pass filter could be adopted to mitigate the interference. 
[bookmark: _Toc290220512][bookmark: _Toc290406798][bookmark: _Toc324153226][bookmark: _Toc324424272][bookmark: _Toc324744225]10	Summary and conclusions
This Report provides information regarding isolation between IMT base station antennas in the land mobile service, that are co-located or located in close proximity. Analytical methods are provided for horizontal, vertical and slant space isolation. The analytical equation for horizontal separation antenna isolation is valid only for far-field domain (dh>=2D2/). The sensitivity to antenna orientation for the vertical isolation case is demonstrated by calculations. Simulations also demonstrate that influence of nearby objects, such as the antenna mast, may cause reflections which affect the antenna isolation. A multi-antenna scenario is studied and conclusions are drawn regarding the feasibility of such a deployment.  
Measurement methodology for antenna isolation is described both for antennas using the same frequency band and for different bands. Measurement results are provided for some typical deployment scenarios; horizontal, vertical and slant separation. In addition, antenna isolations for some cases with antenna down tilt and variations in the relative boresight angle have been measured. Measurements have been carried out for horizontal, vertical and slant scenarios for the operating frequency 2.6 GHz, see Table 5, for horizontal separation for the frequencies 900, 1 800 and 2 000 MHz, see Table 7, for vertical separation in the 800 MHz range, and for inter-band antenna isolation.  
Two major conclusions can be drawn based on the results from the analytical results and the measurements. Firstly, considerable isolation between co-located antennas can be obtained by horizontal, vertical or slant separation, and the application of tilt and/or relative boresight rotation. For the 2.6 GHz set of measurements, the isolation for a horizontal separation of 3 m varies between 56 and 76 dB, depending on tilt and boresight, and for a vertical separation of 0.5 m between 76 and 83 dB depending on whether tilt is used or not. The second set of measurements shows that for lower frequencies the isolation decreases, for instance it was measured to be 46 dB for 900 MHz at 3 m horizontal separation (no tilt or boresight rotation). The measurements in the 800 MHz range of vertical separation provide 45 – 75 dB isolation depending on physical separation, 0.2 m – 3.6 m, and polarization. Measurements also verify the need for taking into account frequency dependent characteristics of the two antennas, as the influence on isolation may be significant. 
Secondly, it is clear from the measurements and the theoretical analysis that the obtained isolation values are sensitive to frequency, antenna tilt, antenna boresight, details of the antenna diagram and the structure of the antenna mast. In particular, the theoretical analysis shows the sensitivity of isolation values in relation to the vertical antenna diagram. Care must thus be taken when applying analytical methods or basic measurement results to estimate obtainable isolation values for a particular deployment. 


[bookmark: _Toc290406799][bookmark: _Toc324153227][bookmark: _Toc324424273][bookmark: _Toc324744226]Annex 1

Isolation calculation examples
In the following requirements, the aerial feeder loss is not considered, for specific circumstance, antenna isolation can be gotten by subtracting the aerial loss of the receiver system from the following results. Furthermore, the filter that undoubtedly mitigates the interference should be analysed if is exists, and the extra mitigation ratio introduced by the filter subtracted from the following isolation requirements gives the real isolation.
[bookmark: _Toc273977836][bookmark: _Toc290220513][bookmark: _Toc290406800][bookmark: _Toc324153228][bookmark: _Toc324424274][bookmark: _Toc324744227]1	Interference technical specifications
TABLE 13
Interference technical specifications 
	The interfered with system
	The interfering system
	Spurious emission specifications
	Blocking specifications
	Intermodulation specifications

	System A
	System B
	67 dBm/100 kHz
	13 dBm
	43 dBm

	
	System C
	98 dBm/100 kHz
	8 dBm
	43 dBm



NOTE – The frequency bands of System A and C are around 900 MHz, and that of System B is around 2 GHz.
[bookmark: _Toc290220514][bookmark: _Toc290406801][bookmark: _Toc324153229][bookmark: _Toc324424275][bookmark: _Toc324744228]2	The isolation requirements for System A
[bookmark: _Toc273977837][bookmark: _Toc290220515][bookmark: _Toc290406802][bookmark: _Toc324153230][bookmark: _Toc324424276][bookmark: _Toc324744229]2.1	The spurious emission isolation requirements for System A
The isolation requirements for System A are listed below. 


TABLE 14
The spurious emission isolation requirements for System A
	Other systems
	The spurious emission requirements of other systems in A frequency band
	System A receiver sensitivity
	System A base station receiver noise floor
	the interference value to System A under 1dB worsening ratio
	Isolation requirements

	System B
	98 dBm/100 kHz
	104 dBm
	113 dBm/
200 kHz
	119 dBm/
200 kHz
	24 dB

	System C
	67 dBm/100 kHz
	104 dBm
	113 dBm/
200 kHz
	119 dBm/
200 kHz
	55 dB



[bookmark: _Toc290220516][bookmark: _Toc290406803][bookmark: _Toc324153231][bookmark: _Toc324424277][bookmark: _Toc324744230]2.2	The blocking isolation requirements for System A
The blocking isolation requirements for System A is listed below.
TABLE 15
The blocking isolation requirements for System A
	Other systems
	The supposed channel power of other systems (dBm)
	System A base station blocking requirements (dBm)
	Isolation requirements (dB)

	System B
	42
	8
	34

	System C
	49
	13
	62


[bookmark: _Toc290220517][bookmark: _Toc290406804]
[bookmark: _Toc324153232][bookmark: _Toc324424278][bookmark: _Toc324744231]2.3	The intermodulation isolation requirements for System A
In practice, the intermodulation is not considered here.
[bookmark: _Toc290220518][bookmark: _Toc290406805][bookmark: _Toc324153233][bookmark: _Toc324424279][bookmark: _Toc324744232]2.4	Isolation requirements for System A
TABLE 16
Isolation requirements for System A
	Other systems
	Isolation requirements (dB)

	System B
	34

	System C
	62





TABLE 17
Vertical isolation calculation
	Vertical distance/m
	Vertical isolation (dB)

	
	System B
	System C

	1
	61
	47

	2
	73
	59

	2.5
	77
	63

	3
	80
	66

	3.5
	82
	69

	4
	85
	71

	5
	89
	75


[bookmark: _Toc273977838]
[bookmark: _Toc290220519][bookmark: _Toc290406806][bookmark: _Toc324153234][bookmark: _Toc324424280][bookmark: _Toc324744233]2.5	Conclusion
Considering Tables 16 and 17, we can get the minimum acceptable vertical distance. 


[bookmark: _Toc290406807][bookmark: _Toc324153235][bookmark: _Toc324424281][bookmark: _Toc324744234]Annex 2

Simulation analysis of analytical methods for antenna isolation
This Annex contains an analysis of the relationships between the Friis formula and the other analytical methods for calculating antenna isolation presented in this Report. 
[bookmark: _Toc290220520][bookmark: _Toc290406808][bookmark: _Toc324153236][bookmark: _Toc324424282][bookmark: _Toc324744235]1	Models for antenna isolation
The Friis formula [2] gives the following relation between the received (Pr) and transmitted power (Pt): 
		Pr/Pt = GtGr (λ/4πr)2	(18)
Here Gr and Gt are the receive antenna and transmit antenna gains, respectively, and r is the distance between the antennas. Note that the Friis formula is derived using line-of-sight conditions. In normal usage the receive and transmit antennas are directed towards each other which implies the usage of peak gain figures. However, it can be used with arbitrarily rotated antennas by using the gain figures in the line-of-sight direction to the other antenna. 
By introducing the isolation:
		IF = Pt/Pr	(19)
and converting (18) to dB scale we get:
		IF = 22 + 20 log(r/ λ) – (Gt + Gr) 	(20)
When two antennas are placed in such a way that they show pattern nulls to each other, the situation is slightly more complicated. In such a situation, the isolation will depend on two mechanisms: 
1)	If the antennas are perfectly oriented, only field components decaying like 1/r2 and hence power density decaying like 1/r4 will contribute. These field components are near-field components of any direction, even radial components may contribute. For large distances, the isolation will be very high. For vertically separated short dipoles, the isolation becomes 
		Inull = 28 + 40 log(r)	(21)
2)	If the antenna orientation accuracy is finite, which is most likely, the Friis formula applies for far-field distances 
		r ≥ 2D2/ λ 	(22)
and with a gain level corresponding to a representative value near the pattern nulls.
In the context of dipole antennas, (20) is referred to as horizontal isolation, and (21) is called vertical isolation. In the combined case of both horizontal and vertical separation, it has been proposed to use I = IF + Inull or various combinations of IF and Inull.
[bookmark: _Toc273977839][bookmark: _Toc290220521][bookmark: _Toc290406809][bookmark: _Toc324153237][bookmark: _Toc324424283][bookmark: _Toc324744236]2	Method for analysis
To verify the use of the Friis formula (18), calculations have been carried out using the method in [5], pp. 416-422, which provides of coupling between arbitrary arrays of electric and magnetic dipoles. Here, short electric dipoles (G = 1.76 dBi), half-wave electric dipoles (G = 2.15 dBi) and an array of electric and magnetic antennas (G = 17.3 dBi) have been used. The array is designed to mimic the pattern of a typical sector antenna. The antenna array and the resulting pattern are depicted in Figs 41 and 42. The array of dipoles is made of pairs of electric and magnetic (loop) dipoles, also called Huygens sources. The spacing between the elements is 0.8 λ vertically and 0.4 λ horizontally. The electric dipoles have length 0.45 λ and the loop radius is 1/4 of the dipole length, i.e. 0:45 λ/4. For simplicity, the frequency used is 300 MHz, i.e. λ = 1 m.
FIGURE 41
[image: ]
Figure 42
[image: ]
The gain of the dipole array for use in the Friis formula (1) is 0.086 dBi looking sideways (θ,φ) = (90°, ±90°) and –4.4 dBi looking upwards and downwards, i.e. θ = 0 or 180°. The values of these directions have been indicated in the figure.
[bookmark: _Toc273977840][bookmark: _Toc290220522][bookmark: _Toc290406810][bookmark: _Toc324153238][bookmark: _Toc324424284][bookmark: _Toc324744237]3	Results
The results from the calculations are compared with (20) and (21) in Figs 43 and 44. The coupling is calculated using the Induced EMF method, see [6], pp. 416-422. Figure 43 is based on measuring the separation from the centre of one antenna to the centre of the other, whereas Fig. 44 uses antenna edge to antenna edge distance. 
FIGURE 43
Comparison between calculated isolation and models
[image: ]
Short dipoles are denoted “short”, half-wave dipoles “λ = 2” and the dipole array depicted in Figs 41 and 42 is denoted “array”. Results for horizontal (H)/vertical (V) separation are depicted using solid/dashed lines, respectively. The “array” values are most relevant, as they represent the behaviour of a sector antenna. The far-field distance 2D2/λ = 82 m for the dipole array is depicted with a red dot-dashed vertical line. The value 0.086 dBi employed in one of the Friis calculation corresponds to the antenna gain looking sideways (azimuth = 90°), a horizontal separation, and –4.4 dBi corresponds to looking upwards and downwards, a vertical separation. The value 1.76 dBi corresponds to a short dipole, and 2.15 dBi corresponds to a half-wave dipole.
FIGURE 44
Comparison between calculated isolation and models
[image: ]
Short dipoles are denoted “short”, half-wave dipoles “λ=2” and the dipole array depicted in Figs 41 and 42 is denoted “array”. Results for horizontal (H)/vertical (V) separation are depicted using solid/dashed lines, respectively. The “array” values are most relevant, as they represent the behaviour of a sector antenna. The far-field distance 2D2/λ = 82 m for the dipole array is depicted with a red dot-dashed vertical line. The value 0.086 dBi employed in one of the Friis calculation corresponds to the antenna gain looking sideways (azimuth = 90°), a horizontal separation, 
and –4.4 dBi corresponds to looking upwards and downwards, a vertical separation. The value 1.7  dBi corresponds to a short dipole, and 2.15 dBi corresponds to a half-wave dipole.
From the results in Fig. 43, it is manifest that the most realistic antenna, the dipole array, follows the radial behaviour of the Friis formula for vertical separation. In all cases, where antennas are not oriented to mutually show pattern nulls, the Friis formula applies for large enough separations (22). For small separations, the Friis formula will in some cases under-estimate and in other cases over-estimate the isolation. Note that the Friis formula applies when using the correct gain figures with respect to angle of departure and arrival. In the case of horizontally separated dipole arrays:
		Gr = G(90,–90) = Gt = G(90,90) = 0.086 dBi,	(23)
and in the case of vertically separated dipole arrays
		Gr = G(180,φ) = Gt = G(0,φ) = –4.4 dBi. 	(24)
Although the agreement between the Friis formula and the calculated values are good for the short antenna, there are large differences for the more realistic sector antenna (“array”). This indicates the sensitivity in the vertical direction, and that equation (21) may overestimate the isolation. Moreover, in reality one must take into account the limited pointing accuracy of mounted antennas. An alternative is to use the Friis formula and a representative gain value from an angular region around the pattern nulls.
[bookmark: _Toc273977841][bookmark: _Toc290220523][bookmark: _Toc290406811][bookmark: _Toc324153239][bookmark: _Toc324424285][bookmark: _Toc324744238]4	Conclusions
1)	The Friis formula can be used to calculate isolation for any relative position and orientation of two antennas;
2)	Taking antenna mounting imperfections into account the gain values should be chosen conservatively;
3)	If the antennas are located and oriented such that they are in the sidelobe region of each other, the peak gain level in the sidelobe regions can be used. A conservative approximation of the isolation is then
		IF = 22 + 20 log(r/ λ) – (Gt,SL + Gr,SL) 	(25)
Here Gx,SL = Gx,PEAK+ SLL is the peak gain in the sidelobe region. 


[bookmark: _Toc290406812][bookmark: _Toc324153240][bookmark: _Toc324424286][bookmark: _Toc324744239]Annex 3

Influence of objects near the antenna
[bookmark: _Toc290406813][bookmark: _Toc324153241][bookmark: _Toc324424287][bookmark: _Toc324744240]1	Example of a conductor mast’s influence on the isolation between two half-wave dipole antennas
Base station antenna masts are generally made of metal, that may reflect electromagnetic waves. The structure of masts can somewhat simplistically be divided into two kinds, either a framework of angle iron, see Fig. 8, § 7.1, or a closed metal tube mast (sometimes referred to as single‑tube tower), see Fig. 9, § 7.1. Given the different characteristics of these masts, it is reasonable to assume that they will affect the antenna isolation differently. Indeed, simulations for 900 MHz, 1 800 MHz and 2 100 MHz shows that a mast according to Fig. 8 with cross-section edges’ length of about 1 m and distance between dipole and mast axis is more than 2.5 m, the influence of the mast on the isolation is quite small. The rest this section thus focuses on the single‑tube tower’s influence on isolation, using simulations based on the Method of Moments, a standard method in the area of computational electromagnetics.
[bookmark: _Toc324153242][bookmark: _Toc324424288][bookmark: _Toc324744241]1.1	A scenario of two antennas sharing a conductor mast
As shown in Fig. 45, the simulations consider a mast that is a metal cylinder of height H. Transmitting and receiving antennas are half-wave dipole antennas, mounted parallel to the cylinder axis. The dipole antenna centre and the cylinder axis centre are in the same horizontal plane. Figure 46 shows a cross‑section diagram of the masts and the antennas. It is assumed that the radius of the mast at the height of the antennas is Rm = 0.35 m, while the distance of the antennas from the cylinder axis is Ra = 1.8 m. The angle between the two antennas is α. 



	Figure 45
Two antennas sharing a mast  
	Figure 46
Cross-section diagram of Fig. 45

	

	



The contribution has established a simulation model based on MoM, and there are some specific settings notes: 
1)	Simulation frequency is 900 MHz, 1 800 MHz and 2 100 MHz.
2)	Real mast may be as high as 40 m, simulation model of such length requires enormous computation. However, for a simulation model of this scenario, a length of H=0.8 m~1.2 m is enough.


3)	α has been set to 60°, 120° and 180°. In calculation, the antenna port impedance is matching half-wave dipole input impedance. In free space, this will eliminate reflection at the antenna port, but if there is a metal reflector around the antenna, the "antenna-reflector" constitutes a new radiation system so radiation impedance will change, thus the original port impedance no longer match it, so the return loss () on input port may increase.
4)	The metal antenna is set as an infinitely thin perfect conductor. The metal mast is assumed to be a perfect conductor.
5)	In the MoM model, the edge length is set to 0.15 λ. 
Tables 18 and 19 show the main results of the simulation.


TABLE 18
Simulation result at 900 MHz
	Parameter                                                         [α]
	60°
	120°
	180°

	Isolation in free space IF (dB)
	32.39
	37.16
	38.41

	Isolation in Fig. 45 scenario IM (dB)
	31.60
	35.44
	55.93

	
Variation of isolation(dB)
	0.79
	1.72
	17.52

	
Return loss in Fig. 1 scenario (dB)
	21.92
	21.97
	22.00



TABLE 19
Simulation result at 1 800 MHz
	Parameter                                                          [α]
	60°
	120°
	180°

	Isolation in free space IF (dB)
	38.41
	43.18
	44.43

	Isolation in Fig. 45 scenario IM (dB)
	37.01
	42.90
	56.36

	
Variation of isolation(dB)
	1.41
	0.28
	11.93

	
Return loss in Fig. 1 scenario (dB)
	22.50
	22.49
	22.48



TABLE 20
Simulation result at 2 100 MHz
	Parameter                                                           [α]
	60°
	120°
	180°

	Isolation in free space IF (dB)
	39.75
	44.52
	45.77

	Isolation in Fig. 45 scenario IM (dB)
	37.16
	42.01
	55.36

	
Variation of isolation(dB)
	2.59
	2.52
	9.59

	
Return loss in Fig. 1 scenario(dB)
	22.79
	22.79
	22.79



[bookmark: _Toc324153243][bookmark: _Toc324424289][bookmark: _Toc324744242]1.2	The results’ reference value for real directional BS antenna
For the case with directional antennas, frequently used in the land mobile service, it is necessary to consider the characteristics of the side lobes of such antennas, schematically described in Fig. 47, as in the type of deployment considered here the isolation will mainly result from them. 
As suggested in Fig. 47, it will be more difficult to estimate the influence on antenna isolation of an object such as a mast, as the antenna gain in direction of the other antenna involved and that towards the object, possibly resulting in reflections, may be very different.
Figure 47
Antenna patterns of two antennas sharing a metal mast




[bookmark: _Toc290220525][bookmark: _Toc290406814][bookmark: _Toc324153244][bookmark: _Toc324424290][bookmark: _Toc324744243][bookmark: _Toc273977842]Annex 4

Theoretical derivation of the equation for vertical separation
Sections 1 and 2 provide derivations for equation (27) describing vertical isolation between two antennas. Section 1 is for small dipoles, whereas § 2 applies to half-wave dipoles. Throughout the calculations, the angles are measured in radians. 
[bookmark: _Toc290220526][bookmark: _Toc290406815][bookmark: _Toc324153245][bookmark: _Toc324424291][bookmark: _Toc324744244]1	Theoretical derivation for the formula of vertical isolation between two small dipoles
The length of small dipole is much smaller than the wavelength λ. As shown in Fig. 48, transmitting antenna and receiving antenna are both small dipoles whose length is l, and source current of transmitting antenna is I. In spherical coordinates, in the distance of d from transmitting antenna, electric field Er can be expressed as equation (26) [1]:
Figure 48
Two vertical small dipoles




			(26)

[bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK7][bookmark: OLE_LINK28]As Fig. 45 shows，θ in equation (26) is 0, when the distance d > 10 λ, high level minimum related to  can be ignored, then equation (26) can be simplified as equation (27): 

		               d > 10 λ	(27)


In equation (27), ε is the dielectric constant in vacuum. Take and  (where c is light speed in vacuum) into equation (27), then equation (28) can be obtained:

[bookmark: OLE_LINK16][bookmark: OLE_LINK17][bookmark: OLE_LINK20][bookmark: OLE_LINK21]			(28)

Where wave impedance η0 = 120 π, and peak radiated power PT  of a small dipole is:

[bookmark: OLE_LINK12][bookmark: OLE_LINK13]			(29)
Then, the receiving antenna will be analysed. As electric field Er is parallel to the receiving antenna, so there is no polarization mismatch. According to the theory of receiving antenna [2][3], when small dipole is motivated by external electric field, induction electromotive force will be generated in the receiving port. As the effective receiving area of short dipoles is 3λ2/8π [4], then according to receiving power formula of small dipole which is motivated by the plane electromagnetic wave, the received power PR can expressed as equation (30):

[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK14][bookmark: OLE_LINK15]			(30)


Take of equation (28) into equation (30), we get:

		  	(31)
Take η0 = 120 π into equation (31), we get the vertical isolation Iv:

			(32)

Convert equation (32) to dB format, we get the following equation (33):

[bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK40]			(33)
[bookmark: _Toc290220527][bookmark: _Toc290406816][bookmark: _Toc324153246][bookmark: _Toc324424292][bookmark: _Toc324744245]2	Theoretical derivation for the formula of vertical isolation between two half-wave dipoles
References [5] [6] [7] have given mutual impedance formula between two half-wave dipoles whose length is λ/2. As shown in Fig. 49, the length of two half-wave dipoles is L = λ/2, the edge distance is s and central distance is d. Propagation constant is β = 2π/λ. In order to facilitate follow‑up derivation, this contribution introduces several intermediate variables, and there are slight differences with references. 
Figure 49
Two vertical half wave dipoles



			(34)

			(35)

			(36)

			(37)

			(38)

			(39)

			(40)
Mutual impedance can be expressed by equations (34) ~ (40) [5] [6] [7]. Si(x) and Ci(x) in equations (35) and (36) are sine integral function and cosine integral function respectively, when x >> 1 there are following properties:

			(41)

			(42)
Set p > 10 (i.e. d > 10 λ), then 4π (p–0.5) > 119 >> 1, then equations (41) and (42) can be used for simplification. And when p > 10 there are:

[bookmark: OLE_LINK26][bookmark: OLE_LINK27]			(43)
Take equations (41) ~ (43) into equations (27) ~ (29) for simplification, we get:

[bookmark: OLE_LINK29][bookmark: OLE_LINK30]			(44)
Similarly, equation (45) is available:

			(45)

As p >10, high level minimum related to  in equation (44) can be ignored, and then equation (44) can be simplified as: 

			(46)
Take equations (43) and (46) into equation (29), we get:

[bookmark: OLE_LINK31][bookmark: OLE_LINK32]			(47)


Take equations (45)~(47) into equations (30)~(31) for simplification, and as p > 10, keep variable related to  and ignore high level minimum related to , we get:

			(48)

[bookmark: OLE_LINK33][bookmark: OLE_LINK34]			(49)
Take equations (48) and (49) into equation (32), equation (50) can be obtained:

[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK37]			(50)
Equation (50) is an elegant expression. It has been known that self-impedance of half-wave dipole is Z11 = 73 + j42.5, According to relationship between the S parameter and impedance matrix of two port microwave network [8], the following equation (51) can be obtained:

[bookmark: OLE_LINK38][bookmark: OLE_LINK39]			(51)

When p > 10,  so:

			(52)
Convert equation (52) to dB format, we get the following equation (53):

			(53)
In order to verify the derivation, we use approximate formula (53) and precise calculation method based on equations (34)~(40) and equation (51) to calculate the vertical isolation, then compare the results. As shown in Fig. 50, results from both methods are very consistent.
Figure 50
Comparison of precise calculation method and approximate formula (53)
[image: ]
For the case of small dipole antenna, Iv(dB) = 28+40lg(d/λ) has been proven. And for the half‑wave dipole that is Iv(dB) = 30.5 + 40lg(d/λ).The constants 28 and 30.5 are only with slight difference. A unified formula is necessary in engineering applications; we choose the smaller constant 28, which leads to a small isolation estimation, which will be more adequate to estimate the interference.
Measurement of vertical isolation in real steel tower shows that some other factors will also impact the vertical isolation of antennas. For instance, if antenna approach steel tower, the isolation is likely to decrease 2~4 dB, so it is necessary to take a more secure isolation estimation.
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Spurious emissions, blocking and intermodulation interference effects
[bookmark: _Toc290220530][bookmark: _Toc290406819][bookmark: _Toc324153248][bookmark: _Toc324424294][bookmark: _Toc324744247]1	Spurious emission interference isolation analysis
When the transmitter noise floor or spurious emission signal falls in the frequency band of the interfered system receiver, it may experience interference. For BS-to-BS interference, filtering or linearization or both can be used to reduce the unwanted emissions from one BS to another thus reducing the interference at the interfered with BS. In a similar manner, receiver filtering may reduce the interference to the interfered with BS. When the overall interference is reduced, BSs could operate closer to each other, or allow higher Tx power or both while maintaining a desired interference level.
Taking the protection margin into consideration, the isolation of spurious emission is the following:
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK47][bookmark: OLE_LINK48][bookmark: OLE_LINK61][bookmark: OLE_LINK62]		Ispurious = Pemission – KBW – LTx – LRx – MRx  	(54)
where:
	Ispurious [dB]:	spurious emission isolation between the interferer and the interfered
	Pemission [dBm]:	the spurious emission specification of the interferer transmitter in the frequency band of the interfered with system in the specified measurement bandwidth
	BWTx [kHz]:	measurement bandwidth of the interferer system
	BWRx [kHz]:	channel bandwidth of the interfered with system
	LTx [dB]:	aerial feeder loss of the interferer system
	LRx [dB]:	aerial feeder loss of the interfered with system
	MRx [dB]:	the interference value to the interfered with system under certain protection ratio
	KBW [dB]:	bandwidth conversion factor 
		KBW= 10*log(BWTx/BWRx)
MRxValue:
–	when the worsening ratio is 0.1 dB, MRx interference value is 16 dB lower than the noise floor of the interfered with receiver;
–	when the worsening ratio is 0.2 dB, MRx interference value is 13 dB lower than the noise floor of the interfered with receiver;
–	when the worsening ratio is 0.4 dB, MRx interference value is 10 dB lower than the noise floor of the interfered with receiver;
–	when the worsening ratio is 0.8 dB, MRx interference value is 7 dB lower than the noise floor of the interfered with receiver;
–	when the worsening ratio is 1 dB, MRx interference value is 6 dB lower than the noise floor of the interfered with receiver.
The noise floor of the system is equal to:
		NNoise= −174 + NF +10*log(Receiver_BW)	(55)
where:
	NNoise [dBm]:	the noise floor of the interfered with system
	NF[dB]:	the noise figure of the interfered with system
	Receive_BW[Hz]:	the channel bandwidth of the interfered with system.
[bookmark: _Toc290220531][bookmark: _Toc290406820][bookmark: _Toc324153249][bookmark: _Toc324424295][bookmark: _Toc324744248]2	Blocking interference isolation analysis
The isolation of blocking interference is the following:
		IBlocking = PTx – LTx – LRx – PBlocking	(56)
where:
	IBlocking [dB]:	blocking interference isolation between the interferer and the interfered
	PTx[dBm]:	the transmitted power of the interferer system
	LTx [dB]:	aerial feeder loss of the interferer system
	LRx [dB]:	aerial feeder loss of the interfered with system
	PBlocking [dBm]:	blocking interference specification of the interfered.
It should be pointed out that in some system specifications, e.g. 3GPP, the in-band and out-of-band blocking levels are specified at 6 dB desensitisation test condition, those blocking levels should be converted into the blocking levels at 1 dB desensitisation, if it is the required receiver protection ratio, PBlocking should be the blocking level after conversion.  
[bookmark: _Toc290220532][bookmark: _Toc290406821][bookmark: _Toc324153250][bookmark: _Toc324424296][bookmark: _Toc324744249]3	Intermodulation interference isolation analysis
Before the analysis of intermodulation interference isolation, the probability of occurrence of odd and low-level intermodulation interference, that influences the performance of the interfered with system, due to more than two high‑level unwanted signals, should be analysed beforehand.
The isolation of intermodulation interference is the following:
		I intermodulation = Pintermodulation – NRx – 10*log(BWTx / BWRx) 	(57)
where:
	Pintermodulation [dBm]:	intermodulation interference power in the frequency band of the interfered with receiver
	BWTx [kHz]:	measurement bandwidth of the interferer system
	BWRx [kHz]:	channel bandwidth of the interfered with system
	NRx[dBm]:	the tolerable interference power to the interfered.


[bookmark: _Toc324153251][bookmark: _Toc324424297][bookmark: _Toc324744250]Annex 6

Glossary
ACIR	Adjacent channel interference ratio
ACLR	Adjacent channel leakage ratio
ACS	Adjacent channel selectivity
BS	Base station
IMT	International Mobile Telecommunications
MCL	Minimum coupling loss
MoM	Method of moments
VSWR	Voltage standing wave ratio 
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