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Mobile WiMAX and Its Evolution Towards IMT-Advanced System Bong Youl Cho ・ Jin Young Kim



The current version of mobile WiMAX based on IEEE 802.16e-2005 is considered as the first widely-deployed cellular communication system with OFDMA and MIMO. IEEE 802.16 working group already started working on the evolutions of mobile WiMAX such as IEEE 802.16-2009 and IEEE 802.16m. We overview mobile WiMAX technologies from IEEE 802.16e-2005 to IEEE 802.16m focusing on the additional advanced PHY/MAC features available in the evolutions. With its clear roadmap with many advanced features for the performance enhancements, mobile WiMAX is considered as one of the strong candidates for future wireless broadband communication systems such as IMT-Advanced defined in ITU-R. Keywords: Mobile WiMAX, Release 1.0, Release 1.5, Release 2.0, 802.16e-2005, 802.16-2009, 802.16m, IMTAdvanced, OFDM, OFDMA, MIMO, BF, Multi carrier, Relay, Femtocell



I. INTRODUCTION Internet has changed the ways people communicate and also their lifestyles. As people want Internet-based service anywhere anytime including while on-the-go, there has been a need to make new communication technologies optimized for data delivery in a wireless and mobile fashion while the existing cellular communication technologies such as cdma2000 and WCDMA were developed mainly for voice communications. Mobile WiMAX is one of the emerging technologies that promote low-cost deployment and service models as well as Internet friendly architectures and protocols. This paper briefly overviews the current version of mobile WiMAX, mobile WiMAX Release 1.0, which is based on IEEE 802.16e-2005, and the slightly upgraded version, mobile WiMAX Release 1.5, which is based on IEEE 802.16-2009.1) Then, this paper explains the key features of IEEE 802.16m which will be the base standard for the next version of mobile WiMAX, mobile WiMAX
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Release 2.0. In order to understand mobile WiMAX better, the general understanding on the relationship between IEEE 802.16 working group [1] and WiMAX Forum [2] is required. IEEE 802.16 standards handle PHY/MAC technologies. However, an operator who is providing communication services usually needs the solution in endto-end aspects. Network working group (NWG) under WiMAX Forum is working on the technologies in end-toend aspects which can include core network (CN) aspects and upper layer aspects, in order to fill this gap. Therefore, mobile WiMAX is generally considered as the end-to-end technology with the combination of PHY/MAC components from IEEE 802.16 standards and the other components such as CN from WiMAX Forum. WiMAX Forum is using the terminology, ''Release'', to explain the roadmap of the mobile WiMAX technologies usually in the end-to-end perspective. Figure 1 shows the mobile WiMAX technology roadmap. It is well shown
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Figure 1. Mobile WiMAX technology roadmap



that the final certified solutions from WiMAX Forum will be the combination of IEEE 802.16 standards [3]~[5],[22] [23] and WiMAX Forum network specifications. However, this paper limits the contents to PHY/MAC focusing on the additional enhancements available in the evolutions of mobile WiMAX, IEEE 802.16-2009 [5] and IEEE 802.16m. Therefore, readers are encouraged to refer to the other documents in the reference for the details of the current version of mobile WiMAX, IEEE 802.16e2005, and the various end-to-end approaches in WiMAX Forum [6]~[11]. This paper is organized as follows. First, we briefly overview IEEE 802.16e-2005 in Section II. Then, we overview several enhancements available in IEEE 802.162009 in Section III. Section IV explains the relationship between IEEE 802.16m and ITU-R IMT-Advanced in the standardization perspective. Section V is devoted to explain the key features of IEEE 802.16m, the on-going standards efforts, which will significantly enhance the performance of the next version of mobile WiMAX. Finally, we conclude the paper in Section V.



is comprised of two parts: PHY/MAC and network. PHY/MAC part is based on WiMAX Forum PHY/MAC Release 1.0 System Profile [12] which is the subset of IEEE 802.16e-2005 standard, and network part is based on WiMAX Forum NWG Release 1.0 standard. The followings are the main PHY/MAC features of mobile WiMAX Release 1.0. •Scalable OFDMA in both of downlink (DL) and uplink (UL) •Flexible subcarrier operations in both links: distributed subcarrier operation for frequency diversity gain, adjacent subcarrier operation for frequency selective scheduling gain, fractional frequency reuse (FFR), etc •TDD frame structure •Adaptive modulation and coding (AMC) with higher order modulation: QPSK, 16QAM, and 64QAM •HARQ for coverage/capacity enhancement •Advanced channel coding: CC, CTC2) •Advanced antenna techniques: MIMO, BF, etc •Connection-based MAC for QoS management •5 QoS categories: UGS, rtPS, ertPS, nrtPS, and BE3)



II. IEEE 802.16e-2005 As explained in Figure 1, Mobile WiMAX Release 1.0



1) The draft standards P802.16Rev2 which aimed for the enhancement on top of IEEE 802.16e-2005 has been officially released as IEEE 802.16-2009 in May 2009.



2) Convolutional coding (CC), convolutional turbo coding (CTC), block turbo coding (BTC), and low density parity check (LDPC) coding are described in IEEE 802.16e-2005, but only CC and CTC are included in Release 1.0 profile as the mandatory features for the WiMAX Forum certification. 3) Unsolicited grant service (UGS), real time polling service (rtPS), extended real time PS (ertPS), non real time PS (nrtPS), and best effort (BE)
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Figure 2. Generic OFDMA FDD frame structure supporting H-FDD MS in two groups with residual at the end of the frame



•Dynamic resource allocation •Power management: sleep mode and idle mode • Handover: hard handover and optimized hard handover4) •Multicast broadcast service (MBS) By using these features, mobile WiMAX can achieve significant performance enhancement compared to the other existing cellular communication systems [7].



•ARQ enhancement •ertPS enhancement •Handover enhancement •Idle mode enhancement •MBS enhancement



III. IEEE 802.16-2009



1. H-FDD Frame Structure for FDD support



In the middle of the major standards amendment from IEEE 802.16e-2005 to IEEE 802.16m, there is an interim amendment called IEEE 802.16-2009. The followings are the main additional PHY/MAC features available in IEEE 802.16-2009 [5] compared to the previous version [3],[4].



With Full Duplex FDD (F-FDD), we can use both of downlink and uplink simultaneously without losing the spectral efficiency. However, F-FDD operation at mobile station (MS) requires expensive duplex filter as well as the parallel two branches of RF transceivers; one for the transmit operation and the other for the receive operation. With Half Duplex FDD (H-FDD), we can make MS cheaper, but we may lose the spectral efficiency since only one link is utilized at the specific time. To minimize the cost of MS while maximizing the spectral efficiency of the system, H-FDD frame structure for MS is introduced while base station (BS) is still running in F-FDD mode. Figure 2 shows one generic OFDMA FDD frame structure supporting H-FDD MS in two groups. MS belongs to either of Group1 or Group2,



•H-FDD frame structure for FDD support •Persistent allocation



4) Hard handover (HHO), optimized hard handover (OHHO), fast base station switching (FBSS), and macro diversity handover (MDHO) are described in IEEE 802.16e-2005, but only HHO and OHHO are included in Release 1.0 profile as the mandatory features for the WiMAX Forum certification.



Among these, the two main features will be explained more in detail and others will be briefly explained in the following sections.
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(a) Dynamic allocation



(b) Persistent allocation



Figure 3. Burst allocations in dynamic and persistent allocation



and communicates with BS with H-FDD operation. BS supports Group1 and Group2 simultaneously with F-FDD operation. Group1 is using DL1 and UL1, and Group2 is using DL2 and UL2 in the frame structure. Therefore, the frame for Group1 is comprised of Preamble+MAP1+DL1+ TTG1+UL1+RTG1, and the frame for Group2 is comprised of MAP2+DL2+Preamble+TTG2+UL+RTG2. In the frame structure for Group1, DL-MAP_IE of MAP1 at Nth frame indicates the allocation of the bursts in DL frame at Nth frame while UL-MAP_IE at Nth frame indicates the allocation of the bursts in UL frame at (N+1)th frame. In the frame structure for Group2, DLMAP_IE of MAP2 at Nth frame indicates the allocation of the bursts in DL frame at Nth frame while UL-MAP_IE at Nth frame indicates the allocation of the bursts in UL frame at (N+2)th frame. The group switching is supported in the H-FDD frame structure where MS can be switched from one group to the other depending on the load-balancing purpose, the CINR condition of MS, and others. By using this H-FDD frame structure, FDD is efficiently supported while achieving the maximum reuse of the existing TDD frame structure from IEEE 802.16e-2005.



2. Persistent Allocation The existing Dynamic Burst Allocation scheme supports very flexible burst allocation in per-frame basis, but it can introduce large amount of control overhead with the small-sized bursts with periodic allocation characteristic such as VoIP. In the IEEE 802.16e-2005, there are several techniques to reduce the control overhead such as Compressed MAP and Sub-MAP, but further enhancement is required to improve the VoIP capacity of mobile WiMAX. Persistent Burst Allocation scheme is introduced in IEEE 802.16-2009 where the specific resources with the same modulation and coding scheme (MCS) level are being allocated to a MS periodically for a certain amount of time period [13]. Figure 3 shows the typical examples of dynamic burst allocation and persistent burst allocation. When the bursts are allocated through the persistent allocation, MS tries to decode the MAP at every scheduled frame. If there is no MAP for the MS at the scheduled frame, MS thinks there is no change in the resource allocation from the previous one through the persistent allocation and attempts transmit or receive in the allocated burst region. If there is a MAP for the MS at the
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scheduled frame, MS can get the information such as the change of persistent region or the deallocation information, and follows the BS s direction. Persistent allocation can be especially effective in supporting VoIP since VoIP traffic is periodic in nature and there is less need to change the MCS level for a certain amount of time period. However, there can be a variation in the wireless channel during the persistent allocation with the fixed MCS. In that case, power control (for example, the existing power control mechanism in the uplink and the different power boosting in the downlink) can be used as the link adaptation mechanism to compensate the wireless channel variation.
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handover to command MS to perform the handover only to the specified target BS. This function can be used to improve the load balancing of the network. To facilitate idle mode operation, Paging Cycle Change TLV 6) has been added to RNG-REQ message encoding. By using this, a MS in Idle Mode may request a change of the MS s Paging Cycle. After IEEE 802.16e-2005 was finalized, there has been significant development on multicast broadcast service (MCBCS) in WiMAX Forum. In order to adjust WiMAX PHY/MAC to the development in WiMAX Forum and to further enhance MBS performance, MBS_MAP_IE, MBS_MAP Message format, and MBS Data IE have been updated.7)



3. Other Enhancements As an ARQ enhancement, the limitation of the number of ACK MAPs has been removed, so transmitter can extend 16bit ACK maps by using MAP Last Bit (1bit) as an indicator. There were 4 different ARQ feedback types in 802.16e-2005: 0x0=Selective ACK, 0x1=Cumulative ACK, 0x2=Cumulative with Selective ACK, and 0x3=Cumulative ACK with Block Sequence ACK. In 802.16-2009, one new type, 0x4=Block Sequence ACK, has been added. The above ARQ enhancement can be applied to the new type 0x4, and 0x3 with little modification. As an ertPS enhancement, a service with multiple ertPS connections (e.g. voice and video) can be supported in IEEE 802.16-2009. If a MS has multiple ertPS connections, the MS may inform the serving BS of the existence of pending ertPS data by using the codeword 0b111011 on CQICH. If the BS receives the codeword from the MS, the BS should allocate for the MS an UL burst corresponding to the largest Maximum Sustained Traffic Rate of the MS's stopped ertPS UL service flows. The connection for which the MS uses the UL allocation implicitly indicates the ertPS service flow to resume. The handover enhancement in IEEE 802.16-2009 is two-fold. The first one is the enhancement for seamless handover. Overhead related with connection identifier (CID) update during the handover has been reduced through the pre-allocation of basic CID for target BS and the extraction mechanism of primary management CID and traffic CID from the basic CID. In additions, MS and BS can transmit and receive data packets before RNGREQ/RSP 5) procedure in IEEE 802.16-2009 to further reduce handover interruption time. Those data packets will be forwarded to upper layers only when authentication is completed. The second enhancement is the BS controlled



IV. IEEE 802.16m FOR IMT-ADVANCED International Mobile Telecommunications-Advanced (IMT-Advanced) systems are mobile systems that include the new capabilities of IMT that go beyond those of IMT2000. Such systems provide access to a wide range of telecommunication services including advanced mobile services, supported by mobile and fixed networks, which are increasingly packet-based [14]. ITU-R has commenced the process of developing ITU-R Recommendations for the terrestrial components of the IMT-Advanced radio interface(s), and the Figure 4 shows the schedule for the development of IMT-Advanced radio interface Recommendations [15]. IEEE already expressed its intention to submit candidate IMT-Advanced radio interface technology (RIT) based on IEEE project 802.16m, and the work plan for IEEE 802.16m standard is on track for IMT-Advanced submission which is October 2009 [19]. There are following 4 key documents in IEEE project 802.16m which are correspondent to Stage 1, 2, and 3 procedures in the standardizations. •IEEE 802.16m System Requirements Document (SRD) [20]: High-level system requirements for 802.16m project (''Stage 1'')



5) Ranging request/response 6) Type Length Value 7) Further details can be found at“6.3.2.3.52 MBS_MAP message”and “8.4.5.3.12 MBS MAP IE”in [5].
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Steps in radio interface development process: Step 1: Issuance of the circular letter Step 2: Development of candidate RITs and SRITs Step 3: Submission/Reception of the RIT and SRIT proposals and acknowledgement of receipt Step 4: Evaluation of candidate RITs and SRITs by evaluation groups Critical milestones in radio interface development process: (0): Issue an invitation to propose RITs March 2008 (1): ITU proposed cut off for submission October 2009 of candidate RIT and SRIT proposals



Step 5: Review and coordination of outside evaluation activities Step 6: Review to assess compliance with minimum requirements Step 7: Consideration of evaluation results, consensus building and decision Step 8: Development of radio interface Recommendation(s)



(2): Cut off for evaluation report to ITU June 2010 (3): WP 5D decides framework and key October 2010 characteristics of IMT-Advanced RITs and SRITs (4): WP 5D completes development of radio interface specification Recommendations February 2011 IMT-Advanced A2-01



Figure 4. Schedule for the development of IMT-Advanced radio interface Recommendations



• IEEE 802.16m Evaluation Methodology Document (EMD) [21]: Link-level and system-level simulation models and parameters •IEEE 802.16m System Description Document (SDD) [22]: System level description based on the SRD (''Stage 2'') • IEEE 802.16m Amendment Working Document (AWD) [23]: Draft 802.16m standard (''Stage 3'') IEEE 802.16m SRD contains general requirements, functional requirements, baseline & target performance requirements, and operational requirements. From the general requirements, it is shown that IEEE 802.16m shall meet the IMT-Advanced requirements. IEEE 802.16m shall provide continuing support and interoperability for legacy WirelessMAN-OFDMA Reference System where WirelessMAN-OFDMA Reference System is defined by WiMAX Forum Mobile System Profile, Release 1.0 [12]. IEEE 802.16m shall support scalable bandwidths from 5 to 40 MHz at least, and this bandwidth may be supported by single or multiple RF carriers. IEEE 802.16m shall support MIMO, beamforming operation or other advanced antenna techniques. In additions, IEEE 802.16m shall further



support single-user and multi-user MIMO techniques. From the functional requirements, it is shown that IEEE 802.16m can support 600Mbps as the downlink peak data rate and 270Mbps as the uplink peak data rate.8) From the baseline performance requirements, we expect at least 2 times better performance with IEEE 802.16m compared to WirelessMAN-OFDMA Reference System in terms of average user throughput, cell edge user throughput, and VoIP capacity. Also, based on the same configuration, the link budget of the limiting link (e.g. DL MAP, UL bearer) of IEEE 802.16m shall be improved by at least 3 dB compared to the WirelessMAN-OFDMA Reference System. From the operational requirements, it is shown that IEEE 802.16m will support multi-hop relay, codeployment with other networks, self organizing network (SON), and femtocells. Now, we can list some of the new features introduced in IEEE 802.16m to meet the above challenging requirements.



8) By using 40MHz bandwidth in each link
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Figure 5. DL MIMO architecture 1010)



•Unified MIMO architecture •Frame structure with superframe and subframe •Multi-carrier support •Multi-hop relay-enabled architecture •Support of femtocells and self-organization •Enhanced multicast and broadcast service •Coexistence with other TDD radio technologies •Multi-radio coexistence support •Advanced interference mitigation •Advanced location based service (LBS) support These enhancements will be further explained in the next chapter based on the latest SDD, AWD, and other references.



V. Key Features of IEEE 802.16m 1. Unified MIMO Architecture IEEE 802.16m has unified MIMO architecture in which various MIMO schemes and/or its combinations9) can be utilized such as SU-MIMO/MU-MIMO, vertical encoding (VE)/horizontal encoding (HE), OL-MIMO/CL-MIMO, single-BS MIMO/multi-BS MIMO, multiple transmit diversity schemes, beamforming, etc. For SU-MIMO, only one user is scheduled in one resource unit (RU), and only one FEC block exists at the input of the MIMO encoder (i.e., vertical MIMO). For



9) For example, closed-loop (CL) multi-user (MU) MIMO can be used in a link between a single-BS and multiple MSs (i.e. single-BS MIMO) at a specific instance. 10) UL MIMO architecture is basically the same.



MU-MIMO, multiple users can be scheduled in one RU, and multiple FEC blocks exist at the input of the MIMO encoder (i.e., horizontal MIMO). If vertical encoding is utilized, there is only one encoder block (one '' laye '' ). If horizontal encoding is utilized, there are multiple encoders (multiple ''layers''). For open-loop (OL)-MIMO, there is no feedback information for precoder selection. For closed-loop (CL)MIMO, there is feedback information such as precoding matrix index (PMI) for precoder selection. In a single-BS MIMO, MIMO link(s) is/are set up between a single cell and MS(s) within a BS. In a multiBS MIMO, MIMO links are set up between multiple BSs and MS(s). The scheduler block is very important since it schedules users to resource units based on the allocation type (such as distributed or localized allocation) and is responsible for making a number of decisions for MIMO operations such as MIMO mode (which OL or CL transmission scheme should be used), user grouping (which SU-MIMO or MU-MIMO scheme should be used, and for MU-MIMO, which users should be assigned on the RU), rank (for the SM mode in SU-MIMO, the number of streams to be used for the user allocated to the RU), MCS level (MCS level per layer in MIMO case), etc.



1.1. DL MIMO The architecture of downlink MIMO at the transmitter side is shown in Figure 5. The MIMO encoder block maps L layers (L≥1) onto Mt (Nt≥L) streams, which are fed to the precoder block. A layer is defined as a coding and modulation path fed to the MIMO encoder as an input. A stream is defined as an output of the MIMO encoder which is passed to the precoder. The precoder block maps stream(s) to antennas by generating the antenna-specific data symbols according to the selected MIMO mode. The
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Table 1. DL MIMO modes of IEEE 802.16m



Index



Description



MIMO encoding format



MIMO precoding



Mode 0



OL SU-MIMO



SFBC



Non-adaptive



Mode 1



OL SU-MIMO (SM)



VE



Non-adaptive



Mode 2



CL SU-MIMO (SM)



VE



Adaptive



Mode 3



OL MU-MIMO (SM)



HE



Non-adaptive



Mode 4



CL MU-MIMO (SM)



HE



Adaptive



precoding matrix is an Nt×Mt matrix W where Nt is the number of transmit antennas and Mt is the numbers of streams. There can be two different precoding: nonadaptive precoding and adaptive precoding. With nonadaptive precoding, the precoding matrix W is selected from a subset of size NW precoders of the base codebook for a given rank. With adaptive precoding, the matrix W is derived from the feedback of the MS. The subcarrier mapping blocks map antenna-specific data to the OFDM symbol [23]. The downlink MIMO modes of IEEE 802.16m are shown in Table 1. Since the number of transmit antennas, Nt, can be either 2, 4, or 8, and the transmission rate can be either 1, 2, 3, 4, 5, 6, 7, or 8, there can be multiple submodes in one mode index. For example, there are 3 submodes in Mode 0: (1) {Nt=2, Rate=1} where the number of antennas is 2 and the transmission rate is 1, (2) {Nt=4, Rate=1} where the number of antennas is 4 and the transmission rate is 1, and (3) {Nt=8, Rate=1} where the number of antennas is 8 and the transmission rate is 1. •Mode 0 and Mode 1 For open-loop single-user MIMO, both spatial multiplexing (SM) and transmit diversity (TD) schemes are supported. Even in the case of open-loop single-user MIMO, CQI and rank feedback may still be transmitted to assist the BS s decision of rank adaptation, transmission mode switching, and rate adaptation. It is easily seen that all transmit antennas are used for diversity purpose in Mode 0 as in the description of Table 1 and the sub-mode description. In Mode 1, the mode can be a full diversity mode (i.e., Rate=1), a full SM mode (i.e. Nt=Rate), or combination of diversity mode and SM mode (i.e., N t ＞Rate＞1). Base codebook for non-adaptive precoder can be different as the number of transmit antennas (Nt) and the number of steams (Mt) vary. For example, the base codebooks of SU-MIMO with four transmit antennas consist of rank-1 codebook C(4,1,6), rank-2 codebook C(4,2,6), rank-3 codebook C(4,3,4), and rank-4 codebook C(4,4,3).11)



•Mode 2 For closed-loop single-user MIMO, if the channel matrix H is known perfectly to the transmitter, it is known that SVD-MIMO is the optimum scheme achieving MIMO channel capacity by choosing the precoding matrix at the right singular vectors of H and weighting the transmit power into each vector using water-filling on the corresponding singular value [24]. Therefore, for closedloop single-user MIMO, the codebook based precoding is supported for both TDD and FDD systems where CQI, PMI, and rank feedback can be transmitted by the MS to assist the BS's scheduling, resource allocation, and rate adaptation decisions. For closed-loop single-user MIMO, sounding based precoding is also supported for TDD systems. •Mode 3 Only one stream is supported per user in MU-MIMO of IEEE 802.16m. Therefore, the base codebook for MUMIMO is the same as the rank 1 base codebook for SUMIMO with Nt=2, Nt=4, and Nt=8, respectively. •Mode 4 Unlike SU-MIMO which is the point-to-point multiple-antenna channels, MU-MIMO is the multipleantenna broadcast channels. And, the multiuser capacity of multiple-antenna broadcast channels depends heavily on whether the transmitter knows the channel coefficients to each user. For example, in a Gaussian broadcast channel with Nt transmit antennas and n single-antenna users, the sum rate capacity scales like Nt log log n for large n if perfect channel state information (CSI) is available at the transmitter, yet only logarithmically with Nt if it is not. The MU-MIMO with perfect CSI at the transmitter is well known capacity achieving dirty paper coding (DPC) [25]. On the other hand, other techniques such as random beamforming (RBF) [26] and



11) The notation C(Nt, Mt, NB) denotes the codebook which consists of 2NB complex matrices of dimension Nt by Mt.
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Table 2. UL MIMO modes of IEEE 802.16m



Index



Description



MIMO encoding format



MIMO precoding



Mode 0



OL SU-MIMO



SFBC



Non-adaptive



Mode 1



OL SU-MIMO (SM)



VE



Non-adaptive



Mode 2



CL SU-MIMO (SM)



VE



Adaptive



Mode 3



OL MU-MIMO (SM)



HE



Non-adaptive



Mode 4



CL MU-MIMO (SM)



HE



Adaptive



opportunistic beamforming [27] have been studied as the sub-optimum scheme where there is only partial or very little side information available at the transmitter. For closed-loop multi-user MIMO, the channel information whether it is perfect or not is available at the transmitter side. Therefore, precoder can be determined based on the various feedback information from the MS to maximize the performance.



1.2. UL MIMO Table 2 shows the uplink MIMO modes of IEEE 802.16m where UL MU-MIMO in WiMAX is also called as collaborative SM.



1.3. Multi-BS MIMO Multi-BS MIMO techniques are supported for improving sector throughput and cell-edge throughput through multi-BS collaborative precoding, network coordinated beamforming, or inter-cell interference nulling. Both open-loop and closed-loop multi-BS MIMO techniques can be considered. For closed-loop multi-BS MIMO, CSI feedback via codebook based feedback or sounding channel will be used. The feedback information may be shared by neighboring BSs via network interface. Mode adaptation between single-BS MIMO and multi-BS MIMO is utilized. The joint MIMO transmission or reception across multiple BSs can be used for interference mitigation and for possible macro diversity gain. The collaborative MIMO (Co-MIMO) and the closed-loop macro diversity (CL-MD) techniques are examples of the possible options. For downlink Co-MIMO, multiple BSs perform joint MIMO transmission to multiple MSs located in different cells. Each BS performs multi-user precoding towards multiple MSs, and each MS is benefited from Co-MIMO by receiving multiple streams from multiple BSs. For downlink CL-MD, each group of antennas of one BS performs narrow-band or wide-band single-user precoding with up to two streams independently, and multiple BSs



transmit the same or different streams to one MS. Sounding based Co-MIMO and CL-MD are supported for TDD, and codebook based ones are supported for both TDD and FDD [22]. The above advantages of multi-BS MIMO can be easily shown through the comparison with single-BS MIMO and with soft handover. Single-BS MIMO suffers inter-cell interference since receiver decodes only one signal from one source (e.g., from serving BS in downlink) and other signals (e.g. from other BSs in downlink) can act as interference. On the other hand, multi-BS MIMO exploits macro-diversity gain to have better performance. In downlink multi-BS MIMO, a MS can decode multiple streams from multiple BSs as desired signals. In uplink multi-BS MIMO, multiple BSs can receive multiple streams from a MS through different wireless channels. Soft handover exploits macro-diversity gain, but it loses spectral efficiency because it uses multiple links to deliver one signal stream. On the other hand, multi-BS MIMO doesn't lose spectral efficiency since multiple links can deliver multiple signal streams. Therefore, multi-BS MIMO, one kind of cooperative multipoint transmission and reception (COMP), is gaining lots of traction as the candidate technique especially to enhance the cell-edge throughput. Naturally, there are several challenges in multi-BS MIMO should be overcome such as precoding complexity increase, backhaul traffic increase, feedback overhead increase, ARQ/HARQ complexity increase, the synchronization requirement across multiple BSs, etc. Figure 6 shows one example of downlink multi-BS MIMO.



2. Frame Structure With Superframe And Subframe In terms of the efficiency of AMC and the latency of the data delivery, 5 ms frame in IEEE 802.16e-2005 can be regarded as little bit big when it is compared to the transmission time interval (TTI) of other technologies such as HSDPA and LTE, which are 2 ms and 1 ms, respectively.
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Figure 6. Downlink multi-BS MIMO example



Figure 7. Basic frame structure for 5, 10 and 20 MHz BW



There are two major control message delivery mechanisms in IEEE 802.16e-2005: one is the MAP in every 5ms frame which is to deliver dynamic control message and the other is the Channel Descriptor (DCD and UCD) usually in every a few seconds which is to deliver semi-static control message. In terms of the control message overhead, this scheme may not be the optimum. To maximize the efficiency of AMC and to minimize the latency of the data while minimizing the control message overhead, IEEE 802.16m adopts subframe and



superframe in addition to 5ms frame. The 802.16m frame structure is illustrated in Figure 7. Each 20 ms superframe is divided into four equally-sized 5 ms radio frames. Each 5 ms radio frame further consists of eight subframes. A subframe is assigned for either DL or UL transmission. The basic frame structure is applied to FDD and TDD duplexing schemes, including H-FDD MS operation. The number of switching points in each radio frame in TDD systems is two, where a switching point is defined as a change of directionality, i.e., from DL to UL or from UL to DL. The TTI is the duration of the transmission of the
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Figure 8. An example of physical layer structure to support multi-carrier operation



physical layer encoded packet over the radio air interface and is equal to an integer number of subframes. The default TTI is 1 subframe. A data burst occupies either one subframe (i.e. the default TTI transmission) or contiguous multiple subframes (i.e. the long TTI transmission). Every superframe contains a superframe header (SFH) which includes broadcast channels and SFH is located in the first DL subframe of the superframe [23]. The legacy IEEE 802.16e-2005 frame and IEEE 802.16m frame are offset by a fixed number of subframes to accommodate new features such as the IEEE 802.16m Advanced Preamble (preamble), SFH, and control channels [22].



3. Multi-Carrier Support As in IEEE 802.16m SRD, IEEE 802.16m shall support wide bandwidth such as 40MHz. There can be two different approaches to make 40MHz OFDMA system: one is to make 40MHz OFDMA system with 4096-FFT and the other is to make the system with two subsystems where each subsystem is made with 2048-FFT. The latter can be regarded as multi-carrier approach.12) Muti-carrier



12) Please note that one OFDMA system carrier is already comprised of multiple subcarriers. For example, 20MHz OFDMA system is comprised of 2048 subcarriers.



approach has an advantage in terms of the scalability in which even wider system, i.e. 100MHz OFDMA system, can be made by aggregating five 20MHz OFDMA systems. The multiple carriers may be in different parts of the same spectrum block or in non-contiguous spectrum blocks. The carriers involved in a multi-carrier system, from one MS point of view, can be divided into two types: a primary carrier and a secondary carrier. A primary carrier is the carrier used by the BS and the MS to exchange traffic and PHY/MAC control information defined in IEEE 802.16m specification. Further, the primary carrier is used for control functions for proper MS operation, such as network entry. Each MS has only one carrier it considers to be its primary carrier in a cell. A secondary carrier is an additional carrier which the MS may use for traffic, only per BS ' s specific allocation commands and rules typically received on the primary carrier. The secondary carrier may also include control signaling to support multi-carrier operation. In multi-carrier operation, a MS can access multiple carriers. The following multi-carrier operations are identified: carrier aggregation and carrier switching. Carrier aggregation is an operation where MS always maintains its physical layer connection and monitor the control information on the primary carrier. Carrier switching is an operation where MS can switch its physical layer connection from the primary to the secondary carrier per BS s instruction. MS connects with
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Figure 9. Example frame structure to support multi-carrier operation



the secondary carrier for the specified time period and then returns to the primary carrier. When the MS is connected to the secondary carrier, the MS does not need to maintain its physical layer connection to the primary carrier [22]. •PHY structure for OFDMA multi-carrier operation An example of physical layer structure to support OFDMA multi-carrier operation is shown in Figure 8. A single MAC PDU or a concatenated MAC PDUs is received through the PHY SAP and they can form a FEC block called PHY PDU. The physical layer performs channel encoding, modulation and MIMO encoding for a PHY PDU and generates a single modulated symbol sequence. Any one of the multiple carriers (primary or secondary carriers) can deliver a modulated symbol sequence. Or, in case of allocation on distributed resource unit (DRU), a single modulated symbol sequence may be segmented into multiple segments where each segment can be transmitted on a different carrier. The physical layer performs subcarrier mapping for a modulated symbol sequence or a segment of the sequence relevant to the given carrier [22].



•Frame structure for OFDMA multi-carrier operation The support for multiple RF carriers can be accommodated with the same frame structure used for single carrier support, however, some considerations in the design of protocol and channel structure may be needed to efficiently support this feature. Figure 9 shows that the same frame structure would be applicable to both single carrier and multicarrier mode of operation. A number of narrow BW carriers can be aggregated to support effectively wider BW operation. A multi-carrier MS can utilize radio resources across multiple RF carriers under the management of a common MAC. Depending on MS's capabilities, such utilization may include aggregation or switching of traffic across multiple RF carriers controlled by a single MAC instantiation [22]. •Subcarrier alignment for utilization of guard subcarriers of adjacent frequency channels When multiple contiguous frequency channels are available, the guard subcarriers between contiguous frequency channels can be utilized for data transmission only if the subcarriers from adjacent frequency channels are well aligned. In order to align those subcarriers from
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Figure 10. Subcarrier alignment by applying a fraction of subcarrier spacing to the FA of adjacent frequency channel



adjacent frequency channel, a frequency offset (?f ) can be applied to its frequency assignment (FA). The basic idea is shown by the example in Figure 10. In order to utilize the guard subcarrier for data transmission, the information of the available guard subcarriers eligible for data transmission is sent to MS. This information includes the numbers of available subcarriers in upper side and in lower side with respect to the DC subcarrier of carrier [22].



4. Multi-hop Relay-enabled Architecture Relay is considered as one way to enhance the performance of cellular communication systems in capacity aspects as well as in coverage aspects [28]. IEEE 802.16e-2005 handles the PHY/MAC features of BS and MS while there is another standard, IEEE 802.16j-200913) [29], which handles the PHY/MAC features of BS and



13) P802.16j was approved by IEEE-SA Standards Board in May 2009, and will be published as IEEE Std 802.16j-2009.



relay station (RS). On the other hand, IEEE 802.16m handles the PHY/MAC features of BS, MS, and RS, so RS is integrated into the network architecture from the start. Figure 11 shows the relay-related connections in IEEE 802.16m. Advanced BS (ABS) is a BS capable of acting as a 16m BS as well as a 16e BS. Multihop relay BS (MRBS) is a 16e BS with 16j RS support functionality. Advanced MS (AMS) a MS capable of acting as a 16m MS as well as a 16e MS. Yardstick MS (YMS) is a 16e MS. Advanced RS (ARS) is a 16m RS. RS is a 16j RS. Interconnections between the entities shown in solid lines are supported by using various protocols such as 16e, 16j, and 16m. There is no protocol specified to support the interconnections shown in dashed lines. Figure 12 shows IEEE 802.16m relay frame structure and the definitions are as follows. •16m DL Access Zone: ABS can transmit to the AMSs •16m UL Access Zone: ABS can receive from the AMSs •DL Access Zone: ABS/ARS can transmit to the AMSs •UL Access Zone: ABS can receive from the AMSs • DL Transmit Zone: ABS/ARS can transmit to
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Figure 11. Relay-related connections in IEEE 802.16m



Figure 12. IEEE 802.16m relay frame structure
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Figure 13. Overview of system with femtocell



subordinate ARSs and the AMSs • DL Receive Zone: ARS can receive from its superordinate station • UL Transmit Zone: ARS can transmit to its superordinate station • UL Receive Zone: ABS/ARS can receive from its subordinate ARSs and the AMSs •Network Coding Transmit Zone: Odd Hop ARS can transmit network coded transmissions to the ABS and Even Hop ARS •Network Coding Receive Zone: ABS or Even Hop ARS can receive network coded transmissions from the ARS directly attached to the ABS Uni-directional zones (e.g. DL Transmit Zone) can exploit scheduling benefits and bi-directional zones (e.g. Network Coding Transmit Zone) can exploit throughput benefits by using network coding [30, 31]. Relaying is performed using a decode and forward paradigm, and ARS operates in time-division transmit and receive (TTR) mode. ARSs may operate in transparent or non-transparent mode. Cooperative relaying is a technique whereby either the ABS and one or more ARSs, or multiple ARSs cooperatively transmit or receive data to/from one subordinate station or multiple subordinate stations. Cooperative relaying may also enable multiple transmitting/receiving stations to partner in sharing their antennas to create a virtual antenna array [22].



5. Support of Femtocells And Self-organization A femtocell BS is a BS with low transmit power, typically installed by a subscriber in home or SOHO to provide the access to closed or open group of users as configured by the subscriber and/or the access provider. A femtocell BS is connected to the service provider ' s network via broadband (such as DSL, or cable). For the femtocell BSs which can support Relay Link transmission, it may establish the air interface connection with the overlapped macrocell BS for exchanging control messages. Femtocell BS is intended to serve public users, like public WiFi hot spot, or to serve closed subscriber group (CSG) that is a set of subscribers authorized by the femtocell BS owner or the service provider. CSG can be modified by the service level agreement between the subscriber and the access provider [22]. There should be much elaboration in designing system with femtocell in various areas such as cell identification, network synchronization, handover, idle mode management, interference among femtocells and between femtocell and macrocell, MIMO support through femtocell, operation and management (OAM) of femtocell itself which related to femtocell's reliability. IEEE 802.16m embraces femtocell as an important entity in the network and works on the issues in the various areas to maximize the overall network performance(See. Figure 13). SON functions are intended for any BSs (e.g. Macro, Relay, Femtocell) to automate the configuration of BS
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Figure 14. A SFN where multiple BSs transmit the same content



parameters and to optimize network performance, coverage and capacity, but particularly more important to femtocell since femtocell is typically installed by a subscriber. The scope of SON in IEEE 802.16m is limited to the measurement and reporting of air interface performance metrics from MS/BS, and the subsequent adjustments of BS parameters. Self organization can be divided into the following two. • Self-configuration is the process of initializing and configuring BSs automatically with minimum human intervention, and can be comprised of the following processes: Cell initialization, Neighbor discovery, and Neighbor Macro BS Discovery. • Self-optimization is the process of analyzing the reported SON measurement from the BS/MS and finetuning the BS parameters in order to optimize the network performance which includes QoS, network efficiency, throughput, cell coverage and cell capacity.



6. Enhanced MBS Enhanced multicast and broadcast services (E-MBS) are point-to-multipoint communication systems where data packets are transmitted simultaneously from a single source to multiple destinations. The term broadcast refers to the ability to deliver contents to all users. Multicast, on the other hand, refers to contents that are directed to a specific group of users that have the associated subscription for receiving such services. The E-MBS content is transmitted over an area identified as a zone. An E-MBS zone is a collection of one or more 16m BSs transmitting the same content and each



E-MBS Zone is identified by a unique E-MBS_Zone ID. The contents are identified by the same identifiers (IDs) [22]. There can be two different modes depending on the level of coordination among BSs in E-MBS zone. • Non-Macro Diversity Support mode is provided by frame level coordination in which the transmission of data across BS's in an E-MBS Zone is not synchronized at the symbol level. This MBS transmission mode is supported when macro-diversity is not feasible. •Macro Diversity Support mode for E-MBS is as a widearea multi-cell multicast broadcast single frequency network (MBSFN). A single-frequency network (SFN) operation can be realized for broadcast traffic transmitted using OFDMA from multiple cells with timing errors within the cyclic prefix length. An MBS zone with SFN is illustrated in Figure 14. In this mode, E-MBS MS is not suffering inter-cell interference but getting macro diversity gain from neighbor cells which makes user experience more uniform across the network coverage.



7. Coexistence With Other TDD Radio Technologies TDD system has many advantageous features (e.g. flexible DL-UL ratio, efficient MIMO/BF with DL-UL channel reciprocity, cheaper transceiver through DL-UL circuitry sharing, etc). One disadvantage of TDD is that the performance of TDD system is degraded when DL signal of one TDD system and UL signal of the adjacent14) TDD system are overlapping in time due to the high
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Figure 15. Alignment of IEEE 802.16m frame and LTE-TDD frame



adjacent channel interference (ACI). This characteristic may require large guard band between adjacent TDD operators. One way to minimize the guard band size between adjacent TDD operators is to have a DL-UL frame timing alignment across the adjacent operators which prevent the overlapping region of the DL signal of one operator and the UL signal of the adjacent operator, or vice-versa. There can be a situation where the other TDD radio technologies such as LTE-TDD and TD-SCDMA are deployed in the same geographical area adjacent to WiMAX-TDD in the frequency domain. In this case, it is desirable to have some schemes in IEEE 802.16m to have the frame timing alignment with other TDD radio technologies. Coexistence between IEEE 802.16m and LTE-TDD may be facilitated by inserting either idle symbols within the IEEE 802.16m frame or idle subframes, for certain LTE-TDD configurations. An operator configurable delay or offset between the beginning of an IEEE 802.16m frame and a LTE-TDD frame can be applied to minimize the time allocated to idle symbols or idle subframes.



14) Adjacent in frequency domain



Figure 15 shows two examples using frame offset to support coexistence with LTE-TDD in order to support minimization of the number of punctured symbols within the IEEE 802.16m frame [22]. The similar technique can be used for the adjacent channel coexistence between WiMAX-TDD and TDSCDMA.



8. Multi-Radio Coexistence Support In the future, there can be devices with multiple radio technologies inside such as WiMAX, WiFi, and Bluetooth. In this case, the coexistence of the multiple radio technologies is very important to prevent any harmful effect such as interference between the radio technologies as well as to minimize the power consumption of the devices. Figure 16 shows an example of multi-radio device with co-located IEEE 802.16m MS, IEEE 802.11 station, and IEEE 802.15.1 device. The multi-radio coexistence functional block of the 802.16m obtains the information about other co-located radio' s activities, such as time characteristics, via inter-radio interface. IEEE 802.16m provides protocols for the multi-radio coexistence functional blocks of 802.16m MS and BS or RS to communicate with each other via air interface.
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Figure 16. Example of Multi-Radio Device with Co-Located IEEE 802.16m MS, IEEE 802.11 STA, and IEEE 802.15.1 device



Figure 17. Illustration of the downlink subcarrier to resource unit mapping in IEEE 802.16m



802.16m MS generates management messages to report the information about its co-located radio activities obtained from inter-radio interface, and 802.16m BS or RS generates management messages to respond with the corresponding actions to support multi-radio coexistence operation. Furthermore, the multi-radio coexistence functional block at 802.16m BS or RS communicates with the Scheduling and Resource Multiplexing functional



block to operate properly according to the reported colocated coexistence activities [22].



9. Advanced Interference Mitigation There can be many techniques to mitigate interference in MIMO-OFDMA cellular system such as IEEE 802.16m. This section overviews some of those
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Figure 18. Example to integrate FFR and DL power control



techniques. •* Using fractional frequency reuse (FFR) Figure 17 shows the illustration of the downlink subcarrier to resource unit mapping in IEEE 802.16m.15) Outer permutation is applied to the physical resource units (PRUs) at the inter-cell 16) level, which means that multiple cells (here, for example, 3 cells) can share the PRU of one carrier as well as one cell can use the full PRU of one carrier. The frequency partition is divided into localized and/or distributed groups. Cell specific permutation can be supported and direct mapping of the resources can be supported for localized resources. The sizes of the distributed/localized groups are flexibly configured per cell. The localized and distributed groups are further mapped into logical resource units (LRUs) (by direct mapping of contiguous resource units (CRUs) and by subcarrier permutation for DRUs). There was already a PUSC segmentation scheme in IEEE 802.16e-2005 which can be used for FFR to mitigate the inter-cell interference. The subcarrier allocation in IEEE 802.16m can be a more generalized one. Since FFR has already been used as one way to mitigate inter-cell interference, it can be studied in IEEE 802.16m as well. In order to support FFR, the BS is capable of reporting interference statistics and exchanging its FFR configuration parameters which may include FFR



15) The uplink subcarrier mapping to resource unit in IEEE 802.16m is mostly similar with the downlink case. 16) A cell here can be regarded as a sector in the conventional definition.



partitions, power levels of each partition, associated metric of each partition with each other or with some control element in the backhaul network. Figure 18 shows an example to integrate FFR with DL power control. This allows the system to adaptively designate different DL power boosting over different PRUs in each frequency partition. The power allocation of each PRU may be higher or lower than normal level, it should be well coordinated from system-wide consideration [32]. For UL FFR, the BS is capable to estimate the interference statistics over each frequency partitions, and is capable to transmit necessary information through a feedback channel or message to the MS. The information can include the frequency reuse parameters of each frequency partitions and the corresponding uplink power control parameters and IoT (interference over thermal) target level [22]. •Using advanced antenna technologies There can be two different cases: one is ''single cell antenna processing with multi-BS coordination'' and the other is ''multi-BS joint antenna processing.'' Since multiBS joint antenna processing is discussed in the previous section for unified MIMO architecture, let ' s focus on single cell antenna processing. Since this is the single cell processing, there is no data forwarding between different cells and different BSs will not transmit the same data to a MS. The coordination between BSs should be through efficient signaling over backhaul. When precoding technique is applied in neighboring
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cells, the inter-cell interference can be mitigated by coordinating the precoding matrix indexes (PMIs) applied in neighboring cells. For example, the MS can estimate which PMIs in neighboring cell will result in severe interference level and report the PMI restriction or recommendation to the serving BS. The serving BS can then forward this information to recommend its neighboring BSs a subset of PMIs to use or not to use. Based on this information, the neighboring BS can configure the codebook and broadcast or multicast it. The PMI coordination can also be applied in UL in a similar manner [22]. In additions, precoding with interference nulling can also be used to mitigate the inter-cell interference. For example, additional degrees of spatial freedom at a BS can be exploited to null its interference to neighboring cells. The scheme called ''collision avoidance beamforming'' can be regarded as one way for this [33]. •Using cell/sector-specific interleaving Cell/sector-specific interleaving may be used to randomize the transmitted signal, in order to allow for interference suppression at the receiver. The similar idea can be found in interleave division multiple access (IDMA) [34].



when GPS is not available, e.g. indoors. In additions, assisted GPS (A-GPS), consisting of the integrated GPS receiver and network components, may assist a GPS device to speed up GPS receiver ''cold startup'' procedure. •Non-GPS-Based Method In DL, the MS receives signals which are existing signals (e.g. preamble sequence) or new signals designed specifically for the LBS measurements. The network (e.g. BSs/RSs) is able to coordinate transmission of their sequences using different time slots or different OFDM subcarriers. In UL, various approaches can be utilized at the serving/attached BS/RS to locate the MS such as time of arrival (TOA), time difference of arrival (TDOA) and angle of arrival (AOA). These measurements are supported via existing UL transmissions (e.g. ranging sequence) or new signals designed specifically for the LBS measurements. •Hybrid Methods Hybrid method combines at least two kinds of measurement methods to perform location estimation. Furthermore, GPS can combine with non-GPS-based schemes, such as TDOA and AOA, to provide accurate location estimation in different environments.



10. Advanced LBS support



VI. CONCLUSIONS



The IEEE 802.16m system supports PHY/MAC features needed for accurate and fast estimation and reporting of MS location. Such location capabilities defined in IEEE 802.16m when combined with appropriate network level support allows enhanced location based services as well as emergency location services, such as E911 calls. In addition to native location capabilities the system also supports additional timing and frequency parameters needed to assist GPS or similar satellite based location solutions [22]. Location determination can be made through either MS Managed Location where the mobile measures, calculates and uses the location information with minimal interaction with the network or Network Managed Location where the location is determined by the network and the network reports the location to requesting entities. Location determination methods can be classified as follows.



We overviewed mobile WiMAX technologies from the current version, IEEE 802.16e-2005, to the next version, IEEE 802.16m, focusing on PHY/MAC features. OFDMA and MIMO are considered as the key enablers of future wireless broadband communications where many people can enjoy Internet-based service and others anywhere anytime. Mobile WiMAX is the first cellular communication technology with OFDMA and MIMO which is widely deployed around the world as of today. With its clear roadmap with many advanced features for the performance enhancements, mobile WiMAX is considered as one of the strong candidates for future wireless broadband communication systems such as IMTAdvanced defined in ITU-R. In additions, readers are encouraged to refer IEEE Communications Magazine (June 2009 edition) as well since it has special section for mobile WiMAX evolution [35, 36].



•GPS-Based Method
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