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1 Introduction
Herein, we aim to further the discussion on channel modelling for integrated sensing and communication (ISAC) that was described in [1] in the following way:
All six sensing modes should be considered (i.e. TRP-TRP bistatic, TRP monostatic, TRP-UE bistatic, UE-TRP bistatic, UE-UE bistatic, UE monostatic). 

Frequencies from 0.5 to 52.6 GHz are the primary focus, with the assumption that the modelling approach should scale to 100 GHz. (If significant problems are identified with scaling above 52.6 GHz, the range above 52.6 GHz can be deprioritized.)

For the above use cases, sensing modes and frequencies:
· Define channel modelling details for sensing using 38.901 as a starting point, and taking into account relevant measurements, including:
a) modelling of sensing targets and background environment, including, for example (if needed by the above use cases), radar cross-section (RCS), mobility and clutter/scattering patterns;
b) spatial consistency.

and that was held at RAN1#116, where the following agreement [2], was made with respect to the channel model.
The common framework for ISAC channel model is composed of a component of target channel and a component of background channel, 

· Target channel  includes all [multipath] components impacted by the sensing target(s). 
a) FFS details of the target channel 
· Background channel  includes other [multipath] components not belonging to target channel
a) FFS details of the background channel
· FFS whether/how to model environment object(s), i.e., object(s) with known location, other than sensing target(s)
a) FFS whether/how to model propagation path(s) between the target(s) and the environment object(s)
· FFS whether/how to model propagation path(s) between the target(s) and the stochastic clutter(s) 
· Note: the notation HISAC can be revised later if needed

[bookmark: _Ref178064866]In our contribution to the last meeting [3], we made a list of proposals that we still believe are relevant to the discussion.  We refrain from repeating them here and refer to that document instead.  The rest of the document is dedicated to showing observations made from a measurement campaign, an attempt to replicate the observed channel with a simple point scatter channel, and finally we return to the observations made in the measurement campaign to discuss what they imply for the model of the ISAC channel.
2 	Measurements
To provide some background for the discussions, the following measurement of a channel that mimics bistatic sensing channel of a pedestrian moving in the environment.  The parameters of the measurement campaign are described in Table 1. Figure 1 shows the geometry of the environment. The receiver is attached on a building overlooking a square, on which a transmitter is located on a tripod. A pedestrian walks by the transmitter along a straight line. In Figure 2, the receiver and transmitter are seen along with the pedestrian, who has just passed the transmitter and is distancing itself from the transmitter.
Table 1: Measurement parameters
	Rx location
	15m above ground on a building façade

	Tx location
	1m above ground on an open square

	Carrier frequency
	3.8GHz

	Channel sounding interval
	20ms

	Bandwidth
	100MHz

	Pedestrian speed
	Approx. 1.4m/s


[image: ]Tx
~45˚
Rx

[bookmark: _Ref162347242]Figure 1: Satellite image of measurement scene.  The receiver position and orientation is indicated by a yellow fan and arrow. The transmitter is marked by a red dot. The trajectory of the pedestrian is shown as an orange line, where the arrowhead indicates the direction of the movement.
[image: ]
[bookmark: _Ref162347245]Figure 2: Image overlooking the measurement scene. The receiver is seen as a white object mounted on the escape ladder on the building in the background (yellow circle). The transmitter is seen on a tripod behind the black pedestrian (yellow arrow).
By computing the Doppler spectrum of the channel estimates, the plot in Figure 3 is obtained. The Doppler spectrum was computed by a 0.5s long moving window Fourier transform.  The colour map is truncated to a dynamic range of 50 dB. Hence, the strong signal with zero Doppler looks wide and the weaker signals with non-zero Doppler are more distinct. The theoretical Doppler shift of a signal reflected off a pedestrian with constant velocity has been calculated and is shown as a white line in the plot.  
[image: ]
[bookmark: _Ref162352854]Figure 3: The measured Doppler spectrum over time in seconds as the pedestrian walks by the transmitter.  White curve shows the calculated Doppler shift of a path scattered off an object with constant velocity moving along the same trajectory as the pedestrian.
The visible trace of peaks with non-zero Doppler in the plot agree to some extent with the calculated curve.  The trace of peaks, however, oscillates around the calculated curve from around time 10s.  This oscillation has a frequency of approximately 1.6Hz and an amplitude of approximately 7Hz, which corresponds to approximately 0.5m/s.  A similar observation was made in [9, Fig. 8], where the Doppler spectrum of a walking human also show-cased oscillating characteristics.
[bookmark: _Toc163228117]Moving targets create distinct peaks in the Doppler spectrum at the Doppler shift corresponding to their radial velocity.
[bookmark: _Toc163228118]The trace that a pedestrian creates in the Doppler spectrum has a distinct oscillating characteristic.
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[bookmark: _Ref162438569]Figure 4: Estimated received power from the two propagation paths.
In Figure 4, the power received from the two propagation paths is shown. The direct path has a significantly higher received power than the scattered path. The difference in power between the two paths varies between 10--50dB. This large power difference needs to be modelled properly. Note that, for channel modelling for traditional communication systems, propagation paths with power this small are often neglected. For example, TR38.901 mandated that clusters with a gain 25dB below the strongest cluster are dropped, see “step 6”.  
[bookmark: _Toc163228119]The path gain of the path scattered off the sensing target can be many orders of magnitude weaker than the strongest path in the channel.
[bookmark: OLE_LINK3][image: ]
[bookmark: _Ref162358965]Figure 5: Estimated RCS over time.
In Figure 5, an estimate of the radar cross-section of the pedestrian is shown. This should be compared to common radar cross-sections of a person, for example the values shown in [8, Fig. 14.14], where a person is indicated to have a radar cross-section of approximately –10dBsm to 0dBsm. The radar cross-section is modelled by assuming that the path loss of the direct path from transmitter to receiver can be modelled as free-space line-of-sight path loss, and the path loss of the scattered path transmitter—pedestrian—receiver can be modelled using the radar equation, and the distances are obtained from measurements on the map in Figure 1.  The ratio of the two path losses can be read off from Doppler spectra of the kind shown in Figure 3.  Further assuming that antenna gains are the same for the two propagation paths, a value for the radar cross-section can be computed.
It can be seen from Figure 55 that the radar cross-section varies with time. The radar cross-section estimate is noisy but seems to vary around a time-varying mean, the variations around this mean will be referred to as small-scale variations.  These small-scale variations look uncorrelated and constrained to within an interval of the approximate width 5dB.  The slowly varying mean starts at a low value, increases to around -5dB at time 5s, then varies slowly in the interval −5dB to 0dB.
[bookmark: OLE_LINK7]The variations in the radar cross-section are, at least partially, explained by the noise and imperfections in the measurement equipment and the assumptions on which the estimate is based on. It is also noted that the variations also could be explained if the radar cross-section of the pedestrian is dependent on the incidence and scattering angles, which vary slowly during the measurement when the pedestrian moves.  The variations can also be due to the fact that the body of the pedestrian changes over time as arms and legs move.  Changes in the body would affect characteristics such as the angular fading of the pedestrian.
[bookmark: _Toc163228120]The radar cross-section of a pedestrian is varying over time as the pedestrian moves.
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[bookmark: _Ref162360665]Figure 6: Delay--Doppler profile where multiple reflections of the target are visible.
Figure 6 shows the delay—Doppler profile at time 10s, when the pedestrian has reached the approximate position shown in Figure 2. The path lengths are shown relative to the path length of the line-of-sight path.  Ignoring the stationary peaks centered around Doppler frequency zero, the remaining peaks can be assumed to stem from propagation paths that have interacted with the moving pedestrian.  
Four path lengths have been marked with vertical dashed lines in Figure 6. These peaks correspond closely to the path lengths and Doppler shifts of the signal paths shown in Figure 7 and Figure 8. The first dashed line shows that significant power with non-zero Doppler shift is received at a path length zero to a few meters above the path length of the line-of-sight path. Since the pedestrian at the chosen time is located close to the transmitter, the seen power can be an artifact of the directly scattered path: transmitter—pedestrian—receiver.  The next line at 22m seems to correspond well to the signal path shown in the left picture in Figure 7, where the scattered signal reflects off a container before reaching the receiver.  The line at 153m corresponds to a signal path, where the scattered signal has reflected off the building in the north—east corner of the map.  Finally, the line at 221m seems to correspond to a double-reflection, where the scattered signal is reflected off the wall of the building on which the receiver is attached and then off the wall of the building in the north—east corner of the map.
[image: ] [image: ]
[bookmark: _Ref162361215]Figure 7: Direct path and two single-reflection paths.  Left: The shown reflected path bounces on transmitter—person—container—receiver.  Right: The shown reflected path bounces on transmitter—person—wall—receiver.
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[bookmark: _Ref162361219]Figure 8: An additional double-reflection path is shown: transmitter—person—wall1—wall2—receiver.
Other secondary peaks with non-zero Doppler shift are also seen in the delay—Doppler profile.  These might correspond to reflections in other unidentified walls or objects. 
[bookmark: _Toc163228121]Distinct, geometrically explainable reflections of the target, so called ghost targets, are observed in the channel.
The polarization of the channel was not studied in this measurement campaign but should also be evaluated in future studies when measuring the effect of different targets [3].
3 Channel Modelling with Point-Scatterers
To understand to what degree the results from the channel measurements described in the previous section can be reproduced using point-scatterers and a simulated channel, we model the pedestrian as a point scatterer with isotropic radar cross-section of 0dBsm that moves at constant velocity along the same trajectory as shown in the measurement setup in Figure 1.  Looking at the estimate of the radar cross-section in Figure 5, the mean radar cross-section at time t=15s seems to be approximately 0dBsm.
The link between the transmitter and the receiver is modelled as two propagation paths:
1. A direct path transmitter—receiver that is modelled using free-space propagation loss.
2. A scattered path transmitter—pedestrian—receiver that is modelled using the radar equation.

The field function of the transmitting and receiving antenna both are assumed to be modelled using the radiation pattern specified in TR38.901.  Everything is linearly, vertically polarized, both antennae and the radar cross-section, without any cross polarization.
[image: ]
Figure 9: Doppler spectrum with simulated channel.
Figure 9 shows the Doppler spectrum obtained from this simulation. The spectrum directly corresponds to the spectrum shown in Figure 3. By comparing the measured and simulated spectra, the following observations can be made.
· The S-shaped trace caused by the pedestrian resembles that seen in the measurements, both in shape and magnitude.
· The oscillations of the trace are not seen in the simulation.
· The spectrum of the simulation is cleaner than the one of the measurements, in the sense that there are no artifacts apart from the zero-Doppler, direct path and the scattered path (and their sidelobes) visible.
[bookmark: _Toc163228122]Modelling a channel of a pedestrian target as a constantly moving point scatterer can capture certain aspects of the measured channel.  Such modelling, however, might to be too simplistic to capture characteristic oscillations in the Doppler shift, reflections of the target and clutter and variations in the scattered signal power.
4 	Stochastic and Geometric, Two-Part Background Channel
[bookmark: _Hlk162455353][bookmark: OLE_LINK1]The ISAC channel is to be modelled as the sum of two terms: H = H_target + H_background, where H_background represents the background channel when the target is not present, i.e. it models clutter.  To keep the channel generation simple, the background channel can be generated stochastically, for example by employing the existing channel model in TR38.901 when applicable. Since evaluating sensing involves evaluating the ability to distinguish the target from unintended sensing objects however, it might be necessary to also include a geometric addition to the background channel. This geometric background channel would model the effect of these unintended sensing objects. Since the unintended sensing objects affect the channel in the same way as the target, the geometric background channel can be modelled in the same way as the target channel.  The background channel would then be a sum of two parts: one stochastic and one geometric part:
H_background = H_stochastic + H_geometric
[bookmark: _Hlk162455434][bookmark: _Toc163228123]The background channel might be the sum of two terms: one stochastic background channel and one geometric background channel.
Proposal 1 [bookmark: _Toc163228133]The stochastic part of H_background can be modelled using TR38.901 for the BS—UT link.
Proposal 2 [bookmark: _Toc163228134]The geometric part of H_background can be modelled in the same way as H_target is modelled.
While TR38.901 can be used to model the stochastic background channel for the BS—UT link, there is no channel model in TR38.901 that can model the stochastic background channel for the other links.
[bookmark: _Toc163228124][bookmark: OLE_LINK8]TR38.901 does not define any stochastic part of H_background for monostatic links.
[bookmark: _Toc163228125]TR38.901 does not define any stochastic part of H_background for BS--BS links.
[bookmark: _Toc163228126]TR38.901 does not define any stochastic part of H_background for UT--UT links.
Note that monostatic links, BS—BS links, and UT—UT links are important to model for two reasons: 1. because they are part of the channel of the sensing transmitter and receiver and 2. because they affect system-level simulations.  For example, when simulating a system where two base stations perform bistatic sensing in a downlink slot, it will be important to compute the interference other base stations cause the sensing link. The interfering base stations need not be sensing transmitters themselves but could be regular communication ones.
Proposal 3 [bookmark: _Toc163228135]Investigate how to model monostatic, BS—BS and UT—UT links.
Note also that the geometric background channel will be parameterized by the geometric clutter of the background environment, just like the target channel will be parameterized by the sensing targets.  The “environment objects”, which model significant reflectors in the environment, will then affect both the target channel and the geometrical background channel in the same way.  
5 	Line-of-Sight Probabilities of Target Links
The target channel will be the concatenation of two links: 1. the link between the transmitter and the target and 2. the link between the target and the receiver.  The two links are illustrated in Figure 10.
[image: ]
[bookmark: _Ref161849448]Figure 10: The two links of the target.
Since the target can be in line-of-sight of the transmitter or the receiver, these two links might be either line-of-sight or non-line-of-sight links.  If the target channel is modelled stochastically, this line-of-sight status is an important parameter of the channel modelling.  For any given scenario, there is a certain probability that the links are in line-of-sight.
[bookmark: _Toc163228127]The target can be in line-of-sight or non-line-of-sight of the transmitter, and in line-of-sight or non-line-of-sight of the receiver.
Proposal 4 [bookmark: _Toc163228136]Model the line-of-sight status of the tx—target and target—rx links using a line-of-sight probability p_los1, p_los2.
For some scenarios, where the target type coincides with the UE type, or where the target can be assumed to be geometrically distributed in the same way as the UEs, it is possible to find some of the line-of-sight probabilities in existing TRs.
[bookmark: _Toc163228128]Line-of-sight probabilities of certain links can be found in existing TRs.
For example, the probability that a UAV is in line-of-sight to a base station is given in the UAV scenario described in [4].  Note that in [4] the UAVs are active UEs that communicate with the BS.  In the sensing scenario, the UAVs that act as sensing targets are passive objects that do not communicate with the BS.  Still, it is reasonable to believe that the line-of-sight probability of an active UAV and a passive one is the same.  More similar references to TRs, where line-of-sight probabilities to various sensing targets could be found following a similar argument, are given in Table 2.  Note that depending on the sensing mode, the transmitter or receiver can either be a BS or a UE.  To keep the discussion general for all sensing modes, Table 2 refers to the links as BS--target link and UE--target link.  These can be either Tx--target links or Rx--target links depending on sensing mode.  While the line-of-sight probabilities for the BS--target link of all target types can be found in the references in Table 2, not all line-of-sight probabilities of the UE--target links have corresponding references and will need some further study.
Proposal 5 [bookmark: _Toc163228137]Use line-of-sight probabilities from Table 2.
Table 2: Sources for line-of-sight probabilities
	
	Links of different sensing targets

	Communication Scenario
	BS--target link
	UE--target link

	UMa/UMi/RMa
	BS—UAV
	TR36.777
	UE—UAV
	FFS

	
	BS—car
	TR38.901
	UE—car
	FFS

	
	BS—human indoor/outdoor
	TR38.901
	UE—human indoor/outdoor
	FFS

	
	BS—animal
	TR38.901
	UE—animal
	FFS

	InF
	BS—AGV
	TR38.901
	UE—AGV
	TR38.901

	
	BS—UAV
	TR38.901
	UE—UAV
	TR38.901 (same formula as BS link)

	
	BS—human indoor
	TR38.901
	UE—human indoor
	TR38.901 (same formula as BS link)

	InH
	BS—human indoor
	TR38.901
	UE—human indoor
	TR38.901 (same formula as BS link)



Note that the line-of-sight property is also affected by the explicit blockage modelling in TR38.901 Section 7.6.4 if it is used.
6 	Multipath Channel Modelling for Targets
As seen in the presented measurements, specifically in Figure 6, the Tx--target and Rx--target links can be multipath links, including both direct propagation paths and propagation paths that include reflections on walls, or other objects.  Furthermore, to be able to sense targets, where either the Tx--target or Rx--target links are non-line-of-sight links, these links must include multipath propagation.  
There are two main reasons for modelling multipath propagation:
A. One reason to include multipath propagation is to avoid making sensing based on the channel model easier than in reality.  For example, if the objective of the sensing is to count the number of targets present, a channel model that only models the direct propagation path would allow for solutions where the number of identified signal paths directly corresponds to the number of targets present.  While a channel that also models multipath would mean that there is no artificial one-to-one correspondence between targets and propagation paths that can be exploited.
B. Another reason to include multipath propagation is the fact that multipath propagation can be exploited to gain additional information about the target, especially if the location of the surfaces in which the reflections happen are known.  For example, one range observation of a target is not enough to position the target, but given a second range observation and knowledge of with which reflective surface it has interacted, the 2D position can be obtained, at least under ideal circumstances. 
There are two ways to model multipath:
1. Stochastically, which is what TR38.901 does for the BS—UT links.
2. Geometrically, which would involve modelling reflections of the target in surfaces in a physically consistent way.
While stochastic modelling can be made simple, it only covers the first reason (A above) to model multipath propagation, namely to ensure that the channel is not overly simplistic and sensing is made easier than what can be expected in reality.
Geometrical modelling, on the contrary, is difficult to make consistent with all laws of physics. But a successful geometric modelling of the multipath propagation would cover both reasons for modelling multipath propagation: both the added difficulty that additional paths cause sensing algorithms (A above) and the possibility to evaluate sensing algorithms that exploit multipath propagation to obtain additional information about the target (B above).
Proposal 6 [bookmark: _Toc163228138]NLOS propagation for the BS--target link and UE--target link should also be modelled since sensing targets can lack LOS links.
[bookmark: _Toc163228129]Multipath in the Tx link and Rx link can be modelled both deterministically and stochastically.
Some difficulties when modelling multipath propagation geometrically are listed below:
· The reflectivity of a surface depends on the material, frequency and incidence angle.
· Size of surface in relation to propagation distance affects the reflectivity.
· The nature of the reflection continuously transitions from specular reflection to a diffuse scattering as the surface is moved further away from the signal source and the receiver.
· Diffuse scattering off the surface occurs also when the reflection point is outside the surface area.
· Computing the reflection points of a path with multiple reflections becomes more computationally heavy the more reflections are included.
The common approach to geometric multipath modelling is raytracing, which is a method that in its most advanced form aims at modelling all these physical phenomena.  The drawback of advanced ray-tracing is its computational complexity and the many heuristics that are employed to keep computational complexity at bay.  Due to its inherent complexity, raytracing is not feasible to fully specify, which makes one implementation of raytracing impossible to reimplement and results obtained from raytracing difficult to compare and assess. Adopting a low-complexity scattering model, such as the one presented in [5] and [6], and modelling geometrical reflections in a consistent, simplified way, for example by limiting the number of reflections per path to one, might make geometrical modelling of multipath propagation feasible to specify.
[bookmark: _Toc163228130]Excessive use of deterministic components, for example in advanced ray-tracing, is not feasible to fully specify within 3GPP and should therefore be avoided.
Proposal 7 [bookmark: _Toc163228139]The multipath modelling of the BS and UE links should be fully specified and sufficiently simple to implement, still capture all aspects of the channel that are relevant for sensing evaluations.
7 	Radar Cross-Section
The radar cross-section is a measure of how much of the incident energy that is scattered in different directions, given an incidence angle.  The radar cross-section is often generalized to also include the effect of the scattering on signal phase and polarization.  This is done in, for example, [7, eq. 3-8] where the radar cross-section is given as the following 2-dimensional complex-valued matrix that is a function of four angles: the incidence azimuth and zenith angles and the scattering azimuth and zenith angles. 

Yet another generalization is to make the radar cross-section a function of not only these four angles, but also a function of the distance from the signal source and the distance to the signal receiver.  Such a distance dependence would be necessary to model near-field effects and forward-scattering in detail.
[bookmark: OLE_LINK4]The radar cross-section, as depicted in literature, see for example [8, Fig. 14.11], is often rapidly varying with the angles, with adjacent samples having values that are significantly different.  Such rapid variations are often attributed to angular fading, where reflections from different parts of the object interfere differently also at small angular differences.  Angular fading also changes when the body of the scatterer changes, such as when arms and legs are moving relative to the main body.  Although more measurements would be needed to gain statistical certainty, the results in Figure 5 indicate that, at least for a pedestrian sensing target, the radar cross-section indeed varies rapidly when the target is moving.  If this pseudo-stochastic behaviour is consistently observed also for other ISAC targets, it might be possible to model the radar cross-section of the sensing targets as a random value, whose distribution is parameterized by the angles and distances.
[bookmark: _Toc163228131]The radar cross-section is a function of the incidence angles and the scattering angles, as well as the two distances from the source and to the receiver in full generality.
[bookmark: _Toc163228132]The radar cross-section can vary rapidly with angle.
Proposal 8 [bookmark: _Toc163228140]As a starting point, model scattering points using a general radar cross-section, whose probability distribution depends on polarization, the incidence and scattering angles and source and receiver distances, and evaluate to what degree the model can be simplified.
Conclusions
In the previous sections we made the following observations: 
Observation 1	Moving targets create distinct peaks in the Doppler spectrum at the Doppler shift corresponding to their radial velocity.
Observation 2	The trace that a pedestrian creates in the Doppler spectrum has a distinct oscillating characteristic.
Observation 3	The path gain of the path scattered off the sensing target can be many orders of magnitude weaker than the strongest path in the channel.
Observation 4	The radar cross-section of a pedestrian is varying over time as the pedestrian moves.
Observation 5	Distinct, geometrically explainable reflections of the target, so called ghost targets, are observed in the channel.
Observation 6	Modelling a channel of a pedestrian target as a constantly moving point scatterer can capture certain aspects of the measured channel.  Such modelling, however, might to be too simplistic to capture characteristic oscillations in the Doppler shift, reflections of the target and clutter and variations in the scattered signal power.
Observation 7	The background channel might be the sum of two terms: one stochastic background channel and one geometric background channel.
Observation 8	TR38.901 does not define any stochastic part of H_background for monostatic links.
Observation 9	TR38.901 does not define any stochastic part of H_background for BS--BS links.
Observation 10	TR38.901 does not define any stochastic part of H_background for UT--UT links.
Observation 11	The target can be in line-of-sight or non-line-of-sight of the transmitter, and in line-of-sight or non-line-of-sight of the receiver.
Observation 12	Line-of-sight probabilities of certain links can be found in existing TRs.
Observation 13	Multipath in the Tx link and Rx link can be modelled both deterministically and stochastically.
Observation 14	Excessive use of deterministic components, for example in advanced ray-tracing, is not feasible to fully specify within 3GPP and should therefore be avoided.
Observation 15	The radar cross-section is a function of the incidence angles and the scattering angles, as well as the two distances from the source and to the receiver in full generality.
Observation 16	The radar cross-section can vary rapidly with angle.
Based on the discussion in the previous sections we propose the following:
Proposal 1	The stochastic part of H_background can be modelled using TR38.901 for the BS—UT link.
Proposal 2	The geometric part of H_background can be modelled in the same way as H_target is modelled.
Proposal 3	Investigate how to model monostatic, BS—BS and UT—UT links.
Proposal 4	Model the line-of-sight status of the tx—target and target—rx links using a line-of-sight probability p_los1, p_los2.
Proposal 5	Use line-of-sight probabilities from Table 2.
Proposal 6	NLOS propagation for the BS--target link and UE--target link should also be modelled since sensing targets can lack LOS links.
Proposal 7	The multipath modelling of the BS and UE links should be fully specified and sufficiently simple to implement, still capture all aspects of the channel that are relevant for sensing evaluations.
Proposal 8	As a starting point, model scattering points using a general radar cross-section, whose probability distribution depends on polarization, the incidence and scattering angles and source and receiver distances, and evaluate to what degree the model can be simplified.
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