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1. Introduction

In order to properly design adequate L1/L2 control channels for E-UTRA not to form bottlenecks for overall performance without excessive resource consumption, assessments of their performance are needed. More specifically, control channels should be designed so that they:

· Have at least as good coverage as the user plane (for some minimum data rate)

· Mutually have similar coverage, both within and between down- and uplink (to avoid single bottle necks and waste of  resources)

· Yield acceptable absolute coverage values 

In this paper simple link budgets applicable to different channels is presented. This can be used to assess if the coverage of the different channels fulfills the above criteria.

This paper is based on ‎[2]. This version is updated with more UL control channels and a discussion of TTI lengths. This provides basic input to the numerology discussions.

2. Link Budget

2.1. Downlink

It is important to not only consider noise, but also take inter-cell interference into account when assessing coverage. The average downlink signal-to-interference-and-noise-ratio (SINR) per antenna can be calculated as
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 LISTNUM equ \l 4 
where Pi and gi are the transmit power and pathgain to co-channel base station i respectively, and Pnoise = N0·W·F is the noise power for bandwidth W and noise figure F. Note that the power and noise must be calculated over the same bandwidth W, e.g. the full system bandwidth or per subcarrier. Assuming that the same transmit power is used by all base stations, Pi = P, this can be simplified to
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 LISTNUM equ \l 4 
where G0 = g0/(gi. The quantity G0 depends on frequency reuse, antenna pattern, shadow fading, path loss exponent, and handover principles, but does not depend on transmission power, cell size, max, absolute antenna gain, or penetration loss. It can be determined by means of simulations (see Appendix A).   

Equation ‎(2) can be used to determine the coverage of different channel types. For a given SINR requirement (determined by means of link simulations), the maximum tolerable path gain g0 can easily be calculated
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 LISTNUM equ \l 4 
2.2. Uplink Link Budget

Also for the uplink, the average signal-to-interference-and-noise-ratio (SINR) per antenna can be calculated as
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 LISTNUM equ \l 4 
where Pi and gi are the transmit power and pathgain to co-channel UE i respectively, and Pnoise is the noise power. 

For the LTE uplink (slow) power control will be used. This means that the same simplification as made for the downlink cannot be made. Instead, it can be assumed that the power control works such that the intercell interference causes a ‘noise rise’, or ‘Rise-over-Thermal’ factor RoT. This results in
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RoT typically increases with system load and decreases with cell radius. This dependency can be accurately determined by means of simulations. Solving for the maximum tolerable path gain g0 yields
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2.3. Relationship between SINR and Eb/N0
Link level performance is often measured in terms of Eb/N0 rather than SINR. The relationship between the two is
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where Rcode is the code rate and M is the modulation order.  

3. Link Budget Examples for LTE 

This section presents some example link budgets for a selection of LTE downlink and uplink channels. The necessary models and assumptions are also described.

3.1. Models and Assumptions

A summary of models and assumptions used in the numerical examples are listed in Table 1. These are aligned with the recommendations in ‎[1]. In addition to these, G0 has been determined for the LTE simulation cases 1-4, see Appendix ‎A. At the cell-edge (5th percentile) G0 is about -3.7dB. To map the SINR values into user plane bitrates, a Shannon-like relationship described in Appendix ‎B is used. For the control plane, SINR values are mapped to block error rates based on results from ‎[3], see further Appendix C. For the simple link budget purposes of this paper, the RoT is assumed to be constant and is set to 1dB. A typical (pessimistic) figure for EUL for large cells is 3-4dB, of which about 50% is inter-cell interference.

Table 1. Models and Assumptions.

	Radio Network Models (affecting G0 distribution)

	Distance dependent path loss
	L = 15.3+20*+37.6*log(d)

	Shadow fading
	Log-normal, 8dB standard deviation

	Cell layout
	Hexagonal grid, 3-sector sites, 57 sectors in total

	Antenna pattern
	See ‎[1]

	Other link budget related assumptions 

	Spectrum allocation
	5MHz

	Base station power 
	20W 

	UE power
	250mW (24 dBm)

	Uplink RoT
	1dB

	Downlink Noise Figure
	9dB

	Uplink Noise Figure
	5dB

	Multipath fading
	3GPP Typical Urban
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Figure 1. Uniform power distribution, left: cell-edge SINR versus pathloss, right: cell-edge average bitrate versus pathloss. 

3.2. Downlink Link Budgets with Uniform Power Allocation

A uniform power allocation (the 20W base station power is distributed uniformly over all 300 subcarriers) results in the relationship between pathloss (1/g0) and cell-edge average SINR (SINR0) depicted in Figure 1 (left). This relationship is valid per sub-carrier, and does not depend on mapping of the channel to subcarriers. It is thus valid for the user plane and all control plane channels. Note that regardless of pathloss, with a fully loaded reuse 1 system, the cell-edge SINR does not exceed G0 = -3.7 dB.  At least this SINR value thus somehow has to be supported by all channels operating in reuse 1. This is without margin to the noise. For larger cell sizes lower SINR values must be supported.
Figure 1 (right) shows the corresponding cell-edge bitrate achieved on the user plane for as a function of pathloss. Here it is assumed that the user plane occupies five out of the seven OFDM symbols per TTI, i.e. a relative overhead of 2/7 = 29%.

Assuming that the system is planned for a cell-edge bitrate of 1 Mbps (a fairly high value), a pathloss of 145 dB is tolerable. This corresponds to a cell-edge SINR per antenna of about -7dB. In this case, also the control channels have to support this SINR. As discussed in Appendix ‎C, this requires a code rate (including repetition) of about 1/12 if QPSK modulation is used and a 1% control-channel BLER is targeted. This in turn means that if one OFDM symbol, comprising 300 subcarriers in a 5MHz allocation, is used for the L1/L2 control channel, this may contain 300·2·1/12 = 50 information bits.

Naturally, one possibility to soften the SINR requirements is to allow for a higher control-channel error rate (corresponding to a higher outage probability) at the cell edge, e.g., 10%.

Similar estimations may be done for other downlink control channels, such as the BCH. 

3.3. TDM and FDM for the Downlink Control Channel

Using Time Division Multiplexing (TDM) for the control channel, e.g. on one OFDM symbol per TTI, the control channel coverage is limited by the above results with uniform power allocation
, for which the power per subcarrier is PBS/Nsubcarrier, or in this example 20W/300 = 67 mW. If Frequency Division Multiplexing (FDM) is used for the control channels, it is possible allocate more power to subcarriers carrying control channels than to those carrying user plane data, and thereby improving coverage. Mapping the control channel over all seven OFDM symbols results in a factor seven less control channel subcarriers per OFDM symbol, which then can be allocated a maximum of PBS/(Nsubcarrier/7), or in this example 20W/43 = 467 mW, i.e. seven times or 8.5 dB more than in the TDM case. A dynamic scheme could allocate just enough power to the control channels so that the required SINR is reached at the cell edge, and the remaining power to the user plane. The performance of such a scheme is depicted in Figure 2.  For reference, the TDM performance is also included (For TDM the bitrate is set to zero for pathloss values exceeding the control channel link budget). At the point where the control channels limit coverage, the cell-edge bitrate is as planned for about 1 Mbps.
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Figure 2. TDM vs. FDM, left: cell-edge SINR versus pathloss, right: cell-edge average bitrate versus pathloss. 

 It is seen that as long as the transmit power is sufficient, the FDM control channels reach the SINR target of -7 dB. This is done at the expense of a lower SINR for the traffic channels. The control channel link budget can be improved by 8.5 dB from 145.5 dB to 153 dB. In the right plot, it is seen that the cell-edge bitrate for the pathloss regions enabled by FDM is still quite high. Of course, this benefit only holds in noise-limited environments, e.g., large cells. In interference-limited scenarios, e.g., in small cells in a reuse-one network, the SINR will be the same for both cases as there is no gain if both cells increase their transmission power. Also, note that the FDM coverage benefit only can be utilized if other channels do not limit the overall link budget to lower values.

3.4. Uplink Control Signaling

The uplink control signaling includes ACK/NAK, CQI, and (synchronized and non-synchronized) random access. Obviously, coverage must be provided for all these channels in order to balance the uplink/downlink link budgets.

The uplink scheduling request (or synchronized random access) message is assumed to contain 24 information bits. Assuming a transmission bandwidth of 1.125 MHz, yielding a code rate of 24/(3x25x2x5) = 1/30 and, slightly optimistically, applying the downlink link performance results to the uplink, this yields a BLER of 1% at an average SINR of -11.8 dB (about 10dB gain over rate 1/3, see Appendix C). The noise power in this example becomes Pnoise = -108.5 dBm. According to ‎(6) (in dB scale),  a minimum path gain  of 
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 LISTNUM equ \l 4 
is achieved, or equally of course a maximum pathloss of 143 dB. In this expression, a RoT of 1 dB is used. Higher values can be considered as well, although this would reduce the maximum acceptable pathloss. 

The non-synchronized random access has an Ep/No requirement of about 16dB ‎[3]. With a duration of 400us and a bandwidth of 1.125MHz, the SNR requirement is 400us x 1.125MHz = 450 times, or 26.5dB lower, i.e. 
-10.5dB. The link budget thus becomes
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The uplink ACK/NACK (sent in response to downlink data) is in [3] assumed to be sent using one short block with a noise bandwidth of 375kHz. Then, according to [3], the Es/Nt requirement for such a channel is some 13dB. Using the 12 symbols of a short block, the SINR requirement is 12 times, or 10.8 dB lower, i.e. 2.2dB. The noise power is -113.2dBm, and the minimum pathgain becomes



[image: image14.wmf]dB

dBm

dB

dBm

dB

P

RoT

P

SINR

g

noise

134

24

1

2

.

113

2

.

2

0

0

0

-

=

-

+

-

=

-

+

+

=


 LISTNUM equ \l 4 
Similarly, an Es/Nt requirement of about 13dB for CQI reporting is reported in [4], thus resulting in the same minimum pathgain.
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Figure 3. Left: uplink cell-edge SINR versus pathloss, right: uplink cell-edge average bitrate versus pathloss. 

Comparing the above link budgets it is seen that there is a relatively good balance between DL control and UL random access. The UL ACK/NACK and CQI link budgets are however some 8-11 dB worse than these. This indicates that sending the ACK/NACK and CQIs using only one short block yields too little received energy. A longer duration is required. If the ACK/NACK and CQI are sent over the full duration of the 0.5ms TTI, e.g. mapped to the long blocks, a gain of ~10 dB can be achieved. This would balance the link budgets.    

3.5. Uplink User Plane

The uplink average cell-edge SINR as a function of path-loss is shown in Figure 3 (left). Here a bandwidth allocation of 4.5 MHz, and a relative overhead of 29% are assumed. The corresponding user plane bitrate, using the same mapping as for the downlink, is shown in Figure 3 (right). For a pathloss of 143 dB (as supported by the scheduling request), a cell-edge bitrate of about 100 kbps is achieved. This corresponds to 100 kbps · 0.5 ms = 50 bits per 0.5 ms TTI. 

3.6. Longer TTIs

With a fixed number of overhead bits per TTI, the relative overhead depends on the number of data bits in the TTI. For the downlink, at a pathloss of 142dB as supported by the control channels, the achievable user plane (between the physical layer and MAC) bitrate is about 1.2Mbps. This corresponds to 0.5ms x 1.2Mbps = 600 bits per TTI. Assuming an overhead per TTI (CRC etc) of say 30bits, this results in a reasonable relative overhead of 5%.  For the uplink however, the achievable bitrate at 142 dB pathloss is about 100kbps. This corresponds to 0.5ms x 100kbps = 50 bits per TTI. The resulting relative overhead is then 60%. This motivates a longer UL TTI. A 2ms uplink TTI would reduce the relative overhead to 15%, which again is more reasonable.  

4. Conclusions

The LTE control channels should be designed for adequate coverage and the simple link budgets presented in this paper may be used to assist in this design process. These examples illustrate that downlink control channels, operating in frequency reuse 1, must support average SINR values per antenna well below -4dB to cope with the intercell interference. Once this is achieved uplink control channels may still limit coverage. 

With the models and assumptions used it is seen that uplink ACK/NACK and CQI limit overall link budgets if sent only using one short block. To mitigate this they should preferably be mapped on longer durations.  It is also seen that a TTI length of 0.5ms yields acceptable overhead for the downlink, whereas for the uplink it is motivated to in addition to the 0.5ms TTI also have a 2ms TTI.
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A. Simulated G0 distribution 

A CDF of G0 for the LTE simulation cases 1-4, assuming reuse 1 and a handover margin of 0 dB, is shown in Figure 4.
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Figure 4.  Distribution of G0.

B. User Plane Link Performance Models

As depicted in Figure 5, using the 3GPP modulation schemes and turbo codes, the normalized bitrate N achievable on the user plane may be approximated as N = 0.75*log2(1+SINR) for an AWGN channel. For a TU channel with 2-branch receive diversity N = 0.75*log2(1+1.6*SINR) is a relatively accurate approximation. 
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Figure 5. Normalized bitrate vs. SNR.

C. Control Plane Link Performance Models

R1-051491 ‎[2] includes the Block Error Rate (BLER) versus geometry results depicted in Figure 6 (copied from ‎[2]). The 2% and 3% results correspond to rate ½ and rate 1/3 codes respectively. It is seen that for a BLER of 1%, an SINR of -1 dB is required with a rate 1/3 code. Assuming that there is no further coding gain for lower code rates, the code rate required to reach a 1% BLER at an SINR of X dB is -X-1 dB lower than 1/3. For example, to reach 1% BLER at -7 dB, a 6 dB, or 4 times, lower code rate is required, i.e. about rate 1/12.  For higher values of BLER, the SINR requirements are less demanding.
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Figure 6. BLER vs. Geometry. Copied from ‎[2].

� For simplicity, a single TDM control channel has been assumed. If multiple control channels are mapped to different carriers, power can be balanced between the control channels (but not between control and data), resulting in a case between the TDM and FDM cases in this paper.
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