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1	Introduction

The experiences of the current mobile and wireless communications networks has shown that data traffic is growing more than anticipated (see Reports ITU-R M.2243, ITU-R M.2290). These developments are providing big challenges for the development of future mobile and wireless communication networks. It is envisioned that future IMT systems will need to support very high throughput data link and the growth of the data traffic. There has been recent academic and industry research and development related to suitability of mobile broadband systems in bands above 6 GHz.  

This report provides information on the technical feasibility of IMT in the bands above 6 GHz.

[Editor’s note: the inclusion of a more precise frequency range could be considered later on based on input contributions]

[Editor’s note: the inclusion of material from WP 5D Vision Work Shop (held at 12th Feb 2014) could be considered in the Introduction, based on input contributions]

2	Scope

This report is to study and provide information on technical feasibility of IMT in the bands above 6 GHz. Technical feasibility includes information on how current IMT systems, their evolution, and/or potentially new IMT radio interface technologies and system approaches could be appropriate for operation above 6 GHz, taking into account the impact of the propagation characteristics related to the possible future operation of IMT in those bands.Technology enablers such as developments in active and passive components, antenna techniques, deployment architectures, and the results of simulations and performance tests are considered.

3	Related documents

[Note: A list of related documents.]

Report ITU-R M.[IMT.FUTURE TECHNOLOGY TRENDS]

Recommendation ITU-R M.[IMT.VISION]

4	Characteristics for IMT in the bands above 6 GHz 

[Editor's Note: This chapter will describe the characteristics of the IMT operations in the frequency in bands above 6 GHz. This would include e.g. channel models to be developed to perform radio performance simulations and the impact of radio propagation.]

4.1	Impact and challenges of radio propagation 

[Editor's Note: In case of channel model, other groups in ITU-R have responsibility to develop and define the documents regarding channel model. Therefore, this section can describe the necessity to develop channel model in due course.]

[One of the challenges of mobile communications in the higher bands for outdoor access will be to overcome the expected propagation conditions.  Understanding the expected propagation conditions will be critical to design an appropriate air interface and determining the type of hardware (particularly the array size) needed for reliable communications.  The most obvious obstacle will be the higher pathloss of the bands above 6GHz relative to traditional cellular bands.  Just looking at free-space pathloss, the expected loss will be ‎0.



		,	(1)

where f is the frequency in GHz and d is the distance in kilometres between transmitter and receiver.  For example, an additional 30.9 dB of losses are seen going from 2 GHz to 70 GHz which will need to be made up by some means, for example, larger antenna array sizes.

The next major challenge will be oxygen and water absorption, rain loss, and foliage loss [7].  In fact 60 GHz is even more susceptible to the oxygen and water losses than the other bands above 6GHz since these losses spike around 60 GHz and then decrease for the other bands above 6GHz.  

Foliage loss and other blockages in general will be a severe determent in the mobile communications in higher frequencies.  For example the foliage loss is approximately [7]. 



		 dB,	(2)

where dT is the tree radius in meters and f is the frequency in MHz.  For example the foliage loss is around 22 dB for a 10 m tree and hence would require re-routing of the signal around trees, but fortunately other routes typically exist [8].

Other propagation conditions from interactions with the physical environment will also have an impact on bands above 6GHz propagation and on system design.  Some examples are: 1) transmission through most objects is reduced at bands above 6GHz but reflection is amplified [5], 2) the delay spread with narrow beam antennas is less than 1 ns in LOS conditions [8], 3) with narrow beam antenna the RMS delay spread in non-LOS conditions has a mean of 7.39 ns and a maximum of 36.6 ns [8], 4) reflective paths do exist (between 3 and 5) which can be used to establish non-LOS links but with a loss from 15 to 40 dB over LOS [8].]

4.2	Coverage

[Editor's Note: Coverage characteristics including propagation loss, penetration loss, attenuation and transmission distance can be described in this section. This subsection has some interrelationship with subsection 4.4. ]

4.3	Mobility

[Editor's Note: Mobility characteristics including path loss and NLOS transmission can be described in this section. This subsection has some interrelationship with subsection 4.4.]

4.4	Wide bandwidth

[Editor's Note: As one of the advantages in bands above 6 GHz, wider and contiguous spectrum bandwidth can be realized.]

4.5	Other characteristics 

[Editor's Note: Other characteristics can be described in this section.]

5	Enabling technologies toward IMT in bands above 6 GHz

[Editor's Note: This chapter will introduce various enabling technologies to facilitate the implementation of future IMT systems in bands above 6 GHz.]

5.1	Antenna technology

[Editor's Note: Various antenna technologies to realize the bands above 6 GHz such as massive MIMO can be described in this section.]

5.2	Semiconductor technology

[Editor's Note: Current status and future prospect on semiconductor technology such as RF components and RF circuits can be described in this section.]

5.3	Small cells operations

[Editor's Note: Small cell operations to deploy efficiently can be described in this section.]

5.4	Other solutions

6	Deployment scenarios and architectures  

[Editor’s Note: This section is intended to address the different deployment scenarios and architectures for the bands above 6 GHz. This section would describe how those deployment scenarios and architectures could be utilized for a future IMT system at the bands above 6GHz and how they are to be taken into account in assessing the technical feasibility of implementing IMT in specific bands above 6 GHz.]

[6.1	Basic system concept

Example Air-interface for bands above 6GHz technology

Upbanding the LTE air-interface [2] to bands above 6 GHz frequencies may not be the right choice since a simpler and more efficient air-interface can be designed to address specific challenges in the bands above 6 GHz band.  Specifically, as mentioned in the previous section, the multipath delay spread is expected to be much lower due in parts to the small cell size, large array gains and limited scattering.  Moreover, device constraints will limit the power output in this band suggesting a solution favoring lower peak-to-average ratio modulation methods would be appropriate.  One mode of operation for enhanced local area network at bands above 6 GHz will be TDD.  TDD is attractive for the future local area because the DL and UL traffic will be dynamic in the future and the transceiver will be simple and easy to build.  An example of a TDD frame structure for bands above 6 GHz using 4 GHz of bandwidth is shown in Figure3.  Frames are organized into superframes, subframes and slots.  As an example, a 20 ms superframe is comprised of forty 0.5 ms sub-frames, and each sub-frame contains 10 slots of 50 s each.  In one of the TDD modes, there are five 50 s slots for DL and 4 for UL including one special slot comprising the DL, a gap period and the UL.  Note that each slot can support both access and backhaul frames if it is desired to support access and backhaul simultaneously on the same carrier.

[bookmark: _Ref338149489][bookmark: _Ref338175413]Figure 3

TDD Frame Structure for bands above 6 GHz

[image: ]

Next, a high level architecture for the deployment of bands above 6 GHz access point is introduced. In bands above 6 GHz access, a set of cooperating access points or a “cluster” of access points can be deployed to cover an area, for example, a 100 meter radius. A cluster can be used because bands above 6 GHz may be subject to high shadowing loss and low diffraction, such that each individual coverage area contains multiple shadow regions where radio communication is not supported.  Cooperating cluster nodes can be arranged such that these shadowed regions are covered from a unique propagation direction. As a result, a user may be covered by multiple access points within the cluster. 

[bookmark: _Ref338153260]Figure 4

Access Point Deployment Architecture for bands above 6GHz
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In addition to bands above 6 GHz access, LTE in macro-cell type deployment can also be used to provide coverage outside the area covered by bands above 6 GHz access.  Figure 4 illustrates bands above 6 GHz access point deployment with an LTE overlay.  With an LTE overlay, the user can be connected to both the LTE overlay and one or more bands above 6 GHz access points. In this way the radio link can always be maintained should access to bands above 6 GHz clusters become unavailable.  This approach can also be used to maximize the user experience by combining the high data rate of the bands above 6 GHz system with the reliability of the LTE overlay.  For instance, control-plane transmission can be sent via LTE to ensure continuous radio link while user-plane transmission can be sent on either LTE or bands above 6 GHz.  User-plane data may be selected for transmission on LTE or bands above 6 GHz using criteria such packet size (e.g., small packets are sent via LTE), service (e.g., VoIP is sent via LTE), priority, and link state.

]

7	Summary of prototype case studies and simulation results 

[Editor’s Note: This section will summarize the relevant prototype mobile system test results that provide information regarding the performance of the enabling technologies in the bands above 6 GHz.  The detailed test reports will be included in Annexes to this Report.]

[

7.1	Prototype mobile systems

7.1.1	Prototype mobile system in bands xx GHz

7.1.2	Prototype mobile system in bands yy GHz

7.1.3	Prototype mobile systems in band zz GHz

7.2	Test results

7.2.1	Test results in bands xx GHz

7.2.1.1	Line-of-Sight (LOS) test

7.2.1.2	Non-LOS (NLOS) test

7.2.1.3	Penetration test

7.2.1.4	Simulation

7.2.1.5	Other studies

7.2.2	Test results in bands yy GHz

7.2.2.1	Line-of-Sight (LOS) test

7.2.2.2	Non-LOS (NLOS) test

7.2.2.3	Penetration test

7.2.2.4	Simulation

7.2.2.5	Other studies

7.2.3	Test results in bands zz GHz

7.2.3.1	Line-of-Sight (LOS) test

7.2.3.2	Non-LOS (NLOS) test

7.2.3.3	Penetration test

7.2.3.4	Simulation

7.2.3.5	Other studies

]

8   	Summary of the Report

[X	Future IMT system framework and objectives]

[Editor’s Note: The framework and relevant objectives for the elements of Future IMT Systems from IMT.VISION related to potential operation of IMT in the spectrum bands above 6 GHz should be reflected appropriately in this Report. These objectives would apply to evolved versions of existing IMT system as well as for possible new IMT Radio Access Technologies.] 

[Y	Current technology in bands above 6 GHz]

[Editor's Note: This chapter can describe what kinds of technologies are today being implemented in bands above 6 GHz.]
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Annex 1

Semiconductor technology status

A1.1 	Introduction

Driven by unprecedented growth in the demand for mobile data, and with no signs of a slowdown, industry and academia alike are looking for solutions that go beyond what can be offered by finding fragments of 10 MHz here and there. In particular, there is interest in finding large contiguous chunks of bandwidths that can be used for addressing the traffic explosion problem in a more fundamental way. 

This in turn has spurred interest in investigating the suitability of utilizing a very wide continuous bandwidth in millimeter-wave (mm-wave) bands for mobile broadband access [1‑4].

Advances in semiconductor technology have made mm-wave wireless systems feasible [5-9]. Commercial products in mm-wave bands are now readily available. Notable examples are products in the 60 GHz Band (for Personal Area Networks (PAN) are available soon under the labels of WiGig [10][11]), products in the 28 and 38 GHz band (for wireless backhaul) as well as products in the E-Band (71-76, 81-86 GHz).

While the availability of large chunks of bandwidths, some of which are already available for mobile communication purposes in some countries, is very attractive an important question that needs to be addressed is “How far can the mm-wave signals propagate in a mobile environment, particularly in non-line of sight (NLoS) conditions”. What is clear is that the transmission distance is directly affected by two factors – the power amplifier output and the radio propagation characteristics.

This annex provides semiconductor technology status for mm-wave bands and channel measurement results in 28/38 GHz with an aim to show the feasibility of using the lower mm-wave bands for IMT system. The extensive investigations (in the form of channel measurements and field-validation) and in-depth study results show that the mm-wave frequencies can be used for 
IMT system even in dense urban NLoS environments.

A1.2	Semiconductor technology

Mm-wave technologies have been developed in all areas including circuits, antennas and communication protocols, in order to exploit the large chunks of bandwidths in those frequency bands.

GaAs MMIC technologies are mature enough to have a dominant presence for power amplifiers (PAs), low noise amplifiers (LNAs), switches for digital attenuators and phase shifters, voltage controlled oscillators (VCOs) and passive components from a few GHz to 100 GHz already.

At the same time, recent technologies of Silicon-based CMOS (complementary metal oxide semiconductor) processes are capable of implementing integration systems-in-package including mixers, LNAs, PAs, and inter-frequency (IF) amplifiers in mm-wave bands, especially for 60 GHz commercialized products with the label of WiGig. Cost effective implementations of CMOS nano‑process under 100 nm have facilitated the utilization of 60 GHz spectrum bands. 

The Figure 1 shows the survey of output power for both MMIC-based PA and Silicon-based PA. PA output power level for the frequency range of 10 GHz to 100 GHz is relatively small compared to those for up to 10 GHz. However the effective isotropic radiated power (EIRP) can be boosted up with a beamforming technique that provides a high antenna gain by utilizing a large number of antenna elements. 

FIGURE 1

Left: Power MMIC Survey [9], Right: Silicon Power Amplifier Survey
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A key element of the future system solution relies upon the use of bands above 6GHz RFIC that provides the core radio technology for the system.  RFICs provide highly integrated solutions with benefits of reduced size, power consumption and cost.  The RFIC semiconductor process needs to provide sufficient fidelity when operating in bands above 6GHz as discussed in [11], [12], [13]. 

The size of the array has a significant impact on the transmitter EIRP as well as receiver sensitivity and thus directly impacts the system link budget.  Likewise, the size of the array, particularly the transmitter array, has a significant impact on the RFIC power consumption as well as cost.  Device side applications will often be constrained for minimum power consumption, size and cost and will need small sized arrays while base station applications will need to utilize larger sized arrays to establish sufficient link gain.  Scalable and adaptable solutions are likely to be needed, particularly during the early stages of this future system deployment.

[bookmark: _Ref347818374][11] 	A. Valdes-Garcia, S. Nicholson, J. Lai, A. Natarajan, P. Chen, S. Reynolds, J. Zhan, B. Floyd, “A SiGe BiCMOS 16-Element Phased-Array Transmitter for 60GHz Communications”, 2010 IEEE International Solid-State Circuits Conference, Feb 2010, pp. 218-220.

[bookmark: _Ref347818390][12] 	S. Emami, R. Wiser, E. Ali, M. Forbes, M. Gordon, X. Guan, S. Lo, P. McElwee, J. Parker, J. Tani, J. Gilbert, C. Doan, “A 60GHz CMOS Phased-Array Transceiver Pair for Multi-Gb/s Wireless Communications”, 2011 IEEE International Solid-State Circuits Conference, Feb 2011.

[bookmark: _Ref347818400][13] 	S. Alexandre, O. Richard, B. Martineau, C. Mounet, F. Chaix, R. Ferragut, C. Dehos, J. Lanteri, L. Dussopt, S.  Yamamoto, R. Pilard, P. Busson, A. Cathelin, D. Belot, P. Vincent “A 65nm CMOS Fully Integrated Transceiver Module for 60GHz Wireless HD Applications”, 2011 IEEE International Solid-State Circuits Conference, Feb 2011.

Remark 1

From the standpoint of semiconductor technology, we have shown by pointing to credible references that both MMIC-based and silicon-based technologies for power amplifier are adequately developed and are now mature for implementation. [Editor’s note: This sentence was moved from Annex x.1.4 in working document]

The current semiconductor technologies are mature enough to implement the essential RF components for IMT system above 6 GHz bands.

Annex 2

Example – Test results in bands 28 GHz



A2.1	Example – Outdoor NLOS channel measurement results

[Editor’s note: The following texts are moved from Annex x.1.3 in working document]

Outdoor radio propagation 

In order to investigate feasibility of mm-wave bands, channel measurements campaigns were conducted in various outdoor environments. This section shows measurement results in Univ. of Texas, Austin, New York Manhattan dense urban area, and Samsung Electronics, Suwon Campus, Korea. It was expected that since building surface wall is highly reflective in these bands, a radio communication link can be provided even through multiple NLoS paths. The measurement results confirm such expectation. 

Campaign 1: University Campus (Univ. of Texas, Austin), 38 GHz [12][13]

The first measurements were carried out at 38 GHz bands in Univ. of Texas, Austin campus. Channel bandwidth is 750 MHz, transmission power at amplifier 21 dBm, and horn antenna gain 25 dBi for both transmitter and receiver. 

For the given environments, communication links between transmitter and receiver were successfully made with the distance of up to 200 meters. Note that even at many locations beyond 200 meters the links cloud be made.  Pathloss exponents calculated from the beamforming-based measurements are 1.89~2.3 in line of sight (LoS) and 3.2~3.86 in NLoS links. 

Note that the subscript of ‘NLOS-all’ in the figure means a statistical value obtained from all NLoS results while ‘NLOS-best’ does a value obtained from only the NLoS results for the best Tx and Rx beams matching. We can see that radio propagation characteristics can be made more favorable by matching the best Tx and Rx beams.

FIGURE 2

Left : Measurement sites in UT Austin campus, Right : Pathloss and RMS delay spread results
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Campaign 2: Dense Urban (New York, Manhattan), 28 GHz [14][15]

The second measurements were carried out at 28 GHz bands in Manhattan area. Channel bandwidth is 400 MHz, transmission power at amplifier 30 dBm, and horn antenna gain 24.5 dBi for both transmitter and receiver. Since these measurement environments are dense urban whose buildings have bricks and concrete walls, received signals are lower than at UT Austin campus. In these measurements, pathloss exponents are 1.68 in LOS and 4.58 in NLOS links, for the case of the best Tx and Rx beams matching. 

FIGURE 3

Left: Measurement sites in Manhattan, Right: Pathloss results
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Campaign 3: Research Campus (Samsung Electronics, Suwon Campus), 28 GHz [16]

The last measurements were performed at 28 GHz bands in Samsung Complex at Suwon, Korea. Channel bandwidth is 500 MHz, transmission power at amplifier 18 dBm, and horn antenna gain 24.4 dBi for both transmitter and receiver. These measurements show that pathloss exponents are 2.39 in LOS, and 4.0 in NLOS links for the case of the best Tx and Rx beams matching.

figure 4

Left: Measurement sites of Samsung complex in Suwon, Korea, Right: Path loss exponent results
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The results obtained from the three measurement campaigns in 28/38 GHz bands, show that pathloss exponent in NLoS link is between 3.2 and 4.58. This range is not much discrepant from that in the conventional IMT bands (i.e. 3.67~3.91) [17].

Lastly, we would like to note that although rain attenuation will place natural limits on radio propagation in mm-wave bands, it does not much affect within the range of our interest. In case of even heavy rain with rate of 60 mm/hour, rain attenuations for 200 meter distance are only 2 dB and 3 dB in 27 GHz and 38 GHz, respectively [18][19].

Remark 2

To build trust in the propagation physics of the mm-wave channel, we shared the results, obtained through extensive measurement, which indicate that the observed/measured pathloss exponents are adequate for supporting a communication link over 200 meters even in outdoor NLoS environments. [Editor’s note: This sentence was moved from Annex x.1.4 in working document.]

mmWave frequency is feasible for mobile broadband access, i.e. IMT, over 200 meters even in outdoor NLoS environments.
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A2.2	Example – Prototype mobile system

Introduction

This contribution introduces a prototype of millimeter wave mobile communication systems and provides various test results using the system as a supplement to the Document 5D/258. Results include three kinds of categories; firstly, the transmission range test is included in LoS (Line‑of‑Sight) environments. Secondly, transmission to the moving receiver with the speed of 8 Km/h in NLoS environments is provided. Finally, two case studies for outdoor to indoor penetration are investigated.

Overview of a mmWave prototype mobile system

The mmWave prototype mobile system has been developed for mobile communications for the first time in the world. The prototype mobile system was implemented using FPGA and analog RF components to transmit and receive signals and to perform the real time processing.

The system operates in the frequency of 27.925 GHz with the bandwidth of 500 MHz and pencil beamforming technique is applied to both BS and MS transceiver. Figure 1 shows the overall system configurations which are composed of base station (BS), mobile station (MS), and DM (diagnostic monitor). DM provides the status of RX signal processing, and selected beams at BS and MS are visualized in real time.

figure 1

Overview of the bands above 6GHz prototype mobile system



[image: 그림 1]

Figure 2 shows the key system parameters. Half power beam-width (HPBW) is 10 degree and total 64 or 32 antenna elements are used to generate a beam. As for TX output power, 36 dBm is the maximum power after considering PAPR backoff, but some power margin was able to take for the following all test cases. OFDM using QPSK or 16-QAM modulation with the channel coding of LDPC is used. For system operation, fundamental functions like synchronization, beam searching, and channel estimation have been implemented and data transmission is performed using the remained resources. 

figure 2

Key system parameters and values

[image: 그림 2]



A2.3	Example – LOS range test result

LoS range test

The first question regarding mmWave signal transmission in outdoor environments would be “How far the signal can be transmitted in mmWave?” In order to investigate this question, range test has been performed in Samsung Campus in Suwon, Korea. The LoS environments which can be found in the Campus provide the maximum distance of 1.7 km. Figure 3 and Figure 4 show the scene of LoS environments in Suwon Campus from the satellite view and ground view. Please note that BS is located at the rooftop of the 4-story building and MS is located on the road.

figure 3

Ground view of LoS range test in Suwon Campus

[image: 그림 3]



For the given 1.7 km distance, making communication link between BS and MS was verified even with more than 10 dB TX power margin. The data rate of 264 Mbps using QPSK shows no block error rate and the data rate of 528 Mbps using 16-QAM shows 10-6 block error rate. Please note that the target error rate of the system operation is usually 10% thanks to HARQ operation. Taking results and conditions, we expect the maximum range to be more than 2 km in LoS environments for the given system configurations. 

figure 4

Satellite view of LoS range test in Suwon Campus

[image: 그림 4]



A2.4	Example – NLOS range test result

NLoS mobility test

Secondly, NLoS transmission has been investigated combined with mobility test. BS is located on the 4-th floor rooftop of the building R2 and MS is located on the road where there is no LoS between BS and MS. BS transmits signal toward the building R3, and signal may reflect on the building and then arrive at the receiver. The distance in total from BS to MS is approximately 160 m. At the receiver side, MS is not nomadic but moving with the speed of approximately 
8~10 km/h.

In the conditions mentioned above, the data rate 528 Mbps (16-QAM) was verified with the block error rate no more than 0.5%. The data rate of 256 Mbps (QPSK) did not show any block error. The best TX beam and RX beam have been tracked contiguously during movement, and the necessary information was feedback to BS. 

This TX-RX beam tracking make it possible for MS to move without disconnect of transmission as long as MS dwells in the BS service coverage. And the mobility speed that is allowed in beamforming systems is tightly related to beamforming configurations and beam tracking period. For example, if beamwidth is getting narrower, allowable speed to be supported would be getting slower if beam tracking period is retained. On the contrary, for the given beamwidth, making beam tracking period shorter would support the higher speed of mobility.

figure 5

View of NLoS environments for mobility test in Suwon Campus
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The embedded document below with the title of NLoS Mobility shows the visualized beam directions of BS and MS sides during MS movement.  The best TX beam of BS is continuously searched by MS and feedback to BS so that BS can apply the TX beam for the transmission.









A2.5	Example – Outdoor to indoor penetration test result

Outdoor to indoor penetration test

The final test was to investigate the system performance in outdoor to indoor penetration environments. Two case tests were conducted and the environments for the tests are shown in Figure 6 and Figure 7 respectively. 

In the first case, BS is located at the rooftop of the 2nd floor of the building R1 and MS is located at the 7th floor office inside the building R2. The distance between BS and MS is approximately 65 m. For the data rate of 256 Mbps (QPSK), the block error rate up to 0.6 % was obtained.

In the second case, BS is located at the rooftop of the 4th floor of the building R2 and MS is located at the 1st floor lobby inside the building R4. The distance between BS and MS is approximately 150 m. For the data rate of 256 Mbps (QPSK), the block error rate up to 0.3 % was obtained.

Please note that BS had more than 10 dB TX power margin for both cases and MS was located inside the building up to 15 m away from the window and environments inside the building were not necessarily LoS. 

figure 6

View of building penetration environments – Case 1

[image: 그림 6]

figure 7

View of building penetration environments – Case 2

[image: 그림 7]

Summary

The prototype mmWave system using pencil beamforming has been developed and various tests were conducted with real time processing. First of all, the maximum range in LoS environments was provided as 1.7 km but it is evident that using higher power will result in the lengthened distance more than 2 km. Mobility test results were also provided in NLoS environments.
 With around 8 km/h speed of MS, it was verified that stable communication link was maintained thanks to fast beam tracking algorithm. Final results show that signal is still pretty well received and some coverage for communication link can be retained even inside the building with window glass. 
All test results point out the possibility of mmWave frequency bands for IMT systems.

A2.6	Example – Coverage test result

In this section, coverage map based on the prototype IMT system is provided to demonstrate the service availability in typical IMT environments including LoS, NLoS and window penetration links.

mmWave prototype IMT system

The prototype IMT system was introduced in Document 5D/407 and the same system has been used to carry out coverage tests. Overview of the key system features is described as follows:

–	Operating frequency:			27.925 GHz

–	Bandwidth:				500 MHz

–	Tx power:				31 dBm for case 1, 24 dBm for case 2

–	Half power beam width:		10 deg.

–	Duplexing:				TDD

–	Channel coding:			LDPC, 1/2

–	Modulation:				QPSK

–	Supported data rates:			264 Mbps.

Note that the Tx power used for tests is as more than ten times smaller as the conventional BS Tx power in urban environments, while the system bandwidth is more than 25 times wider. It is obvious that the same level of Tx power as conventional IMT systems will give the enlarged service coverage.

Coverage test results

1)	Case 1: Outdoor environments

Firstly, coverage test results in outdoor environments are provided to demonstrate the service availability in Figure 1, which covers a typical urban outdoor environment including both LoS and NLoS links. BS is located at the 4th floor rooftop and MS is located on the roads along various streets. More specifically, the tests were performed at various sites surrounded by tall buildings where different channel propagation effects such as reflection, diffraction, or penetration are expected to occur, as shown in Figure 2.

As can be seen from the test results in Figure 1, satisfactory communications links are discovered even in NLoS sites more than 200 meters away, which is mostly due to reflections off neighboring buildings. (Locations 2, 4, 5, and 12)

On the other hand, there are NLoS locations where a proper link could not be established, i.e., coverage holes (Locations 1 and 13). These locations are expected to be covered well if the transmission power is increased as much as the conventional one. Of course there are other solutions for coverage improvement techniques such as optimized cell deployment, inter-cell coordination, relays, or repeaters.

From Figure 3 to Figure 5, various views from the MS receiver toward the BS transmitter are provided. Not only LoS link like Figure 4, but also NLoS links like Figure 3 and Figure 5 show to satisfy the target error rate (block error rate (BLER) < 10%).

Figure 1

Outdoor coverage test results of bands above 6GHz beamforming prototype

[image: Fig1r1]

Figure 2

A view from the transmitter side

[image: Fig2r1]

Figure 3

A view from the receiver side toward the transmitter at location 4

[image: Fig3]

Figure 4

A view from the receiver side toward the transmitter at location 6

[image: Fig4]

Figure 5

A view from the receiver side toward the transmitter at location 21

[image: Fig5r1]

2)	Case 2: Window penetration environments

One of the important operation scenarios in practical cellular networks is communication between an outdoor BS and an indoor MS. The test scenario is shown in Figure 6 where BS is located at the 4th rooftop of a building in outdoor and MS is located at the 1st lobby of another modern office building which is 150 meters apart from BS. Please note that the building windows surrounding MS has heavily tinted glasses. These types of buildings are representative of presenting highly unfavorable propagation (penetration) conditions even for current cellular frequency bands below 6 GHz.

Considering very low Tx power (only 24 dBm), as can be seen in Figure 7, surprisingly amicable in-building coverage results were obtained with only the totally obstructed, farthest side of the building resulting in lost connections. Therefore the spots showing block error rates around 10-50% can be easily improved just by having BS equipped with the conventional Tx power. Furthermore there are many link quality enhancement techniques such as hybrid automatic repeat request (HARQ) and adaptive modulation/coding (AMC). Also alternative ways can be considered to overcome coverage holes such as repeaters and indoor femto cells which have been widely used in traditional cellular systems.

Figure 6

A satellite view for outdoor to indoor penetration test (left) and a view 
from the receiver side toward the transmitter (right)

v[image: Fig6]

Figure 7

Outdoor to indoor penetration test results of bands above 6GHz beamforming prototype

[image: Fig7]

Summary

Coverage test results are provided by using the mmWave prototype IMT systems with a large system bandwidth in excess of 500 MHz at 28 GHz, and with tens of antennas placed in planar arrays at both of the communicating ends. The system incorporates a real-time baseband modem, full mmWave RF circuitry, and relevant software. With the system, we successfully demonstrated that the mmWave frequency band is capable of supporting a few hundred meter radius in a typical urban environments.



A2.x	Other examples



Annex Y

Other examples and/or information



___________________
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