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1 Introduction

Advances in wireless technologies have propelled a migration in features and services provided to the end user. Network operators may however need to support multiple and perhaps migratory technologies with limited spectrum. Therefore, radio resource management techniques that improve spectral efficiency and/or system capacity are always of interest to network operators.  

Higher spectral efficiency and/or voice capacity can be achieved in the GSM/EDGE Radio Access Network (GERAN) through tight frequency reuse (e.g. 1/3 or 1/1 reuse). Current GSM deployments employ techniques such as frequency hopping in order to combat the effects of fading and interference. The performance improvement achieved through frequency hopping for voice users at the link and system level directly translates into higher capacity.  

On a GSM full rate traffic channel, 20 ms speech frames are convolutionally encoded and diagonally interleaved over a sequence of 8 bursts on a time slot. In the case of a half rate channel, speech is coded  and diagonally interleaved over a sequence of 4 alternate bursts on a time slot. Frequency hopping is carried out burst by burst in order to mitigate the effects of slow fading and interference. It provides the following benefits:

· Fading diversity 

· Interferer diversity

· Interference averaging

In practical systems, the frequency hopping is typically non-ideal and the benefits of fading and interferer diversity are not fully realized. GSM specifies the following frequency hopping techniques (see 3GPP TS 05.02 for details [1]):

· Cyclic frequency hopping

· Pseudo-random frequency hopping

If the number of frequencies is sufficient, then cyclic hopping provides full fading diversity.
 However, it does not provide the benefits of interferer diversity and interference averaging.   The pseudo-random frequency hopping algorithm specified in GSM provides interferer diversity and achieves long-term interference averaging but does not guarantee full fading diversity (i.e., no frequency repetitions) within the interleaving depth of a speech frame. 
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Figure 1: GSM pseudo-random frequency hopping on a full rate traffic channel.

Figure 1 shows GSM pseudo-random frequency hopping on a full rate traffic channel. For full-rate voice users, eight bursts are transmitted over pseudo-randomly generated frequencies.  No constraints are made to prevent repeated frequencies from occurring. Coded speech frame 1 encounters frequency, f4 , on 3 out of the 8 bursts that it is interleaved across. This implies that speech frame 1 experiences only 6 out of 8 possible independent fading states (assuming that the number of frequencies is 8 or more and there is sufficient separation between each of the frequencies). Frequencies, f2, f4 , and f5 are repeated 2 times each on the 8 bursts over which coded speech frame 2 is interleaved. In this case, speech frame 2 experiences only 5 out of 8 possible independent fading states.  

If a large amount of spectrum is allocated, then there are many frequencies over which users can hop and repeated frequencies over a short interval are not common.  In limited spectrum scenarios where the number of frequencies is smaller than the number of bursts over the interleaving depth (40 ms in the speech case), frequency repetitions always occur. Note that the GSM pseudo-random frequency hopping algorithm does not maximize the number of unique frequencies (or independent fading states) in this case. This has consequences for low mobility users where the fading tends to be strongly correlated for time duration in excess of the interleaving depth of a speech frame.  In this case, users may hop to the same frequency multiple times, experiencing similar channel fading conditions each time.  With typical channel coding schemes employed for speech traffic channels and control signaling channels, increased correlation within the interleaving depth can lead to degradation in error performance. 

A metric that gauges the rate of frequency repeats is the number of unique frequencies that exists over eight bursts.  For this measure, a cumulative distribution function (cdf) was generated.  Let N represent the number of frequencies in the system.  The results corresponding to N = 4, 8, and 12 frequencies are shown in Figure 2.  Only random hopping (Hopping Sequence Number or HSN > 0) is considered.

The results show that repeated frequencies are common with GSM hopping, particularly when there are fewer frequencies.  If the channel varies slowly over this duration, system capacity could be reduced as  a result of degradation in error performance.

Consider a class of hopping sequences for which constraints are imposed to minimize repeated frequencies.  For example, if N = 4, the hopping sequence could be constrained to prevent any repeats within a set of four bursts.  Thus, across two consecutive sets of four bursts, the number of unique frequencies would be guaranteed to be 4.  In Figure 2, approximately 40% of 8-tuples have three or fewer unique 8-tuples. 

A similar case can be made for N = 8.  In this case, a constrained hopping sequence could prevent the repetition of any frequency over 8 consecutive bursts (i.e., it guarantees 8 independent fading states).  Hence, each set of eight consecutive bursts could have 8 unique frequencies.  In contrast, Figure 2 reveals that nearly 100% of 8-tuples have fewer than 8 unique frequencies; about 64% has 5 or fewer unique frequencies.

The results for GSM hopping improve with N =12, but the metric for constrained hopping still produces large gains.  Nearly 100% of 8-tuples have fewer than 7 unique frequencies; about 30% have 5 or fewer unique frequencies.
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Figure 2.  Distributions of Unique Frequencies in GSM Hopping.

Shown below, Figure 3 demonstrates a possible hopping sequence assuming constrained frequency hopping on a full-rate channel with N = 8.  As shown, frequency repeats do not occur over consecutive frames.
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Figure 3: Constrained frequency hopping on a full rate traffic channel (N = 8).

In what follows, we propose enhancements to the GSM pseudo-random frequency hopping algorithm in order to achieve full fading diversity under spectrum constraints within the interleaving depth of a speech frame. The improvement in performance is achieved with negligible impact on interferer diversity and interference averaging capability.
2  Proposed Frequency Hopping Algorithm

Previously, a constrained hopping sequence was shown to reduce the rate at which frequencies are repeated.  Here, a simple algorithm that constrains the rate of frequency repetitions (or alternatively, maximizes the number of independent fading states)  is presented.

Define the hopping state, H = {H0, H1, …, HF -1, HF, ..., HN-1}, to be a vector of length N where N is the total number of frequencies available to hop over and F <= N is the number of frequencies in H over which the user is constrained to hop.  H can also be defined as H = A ( B where A = {H0, H1, …, HF -1} is the set of F frequencies over which a user is currently allowed to hop and B = {HF, ..., HN-1} is the set of N-F frequencies over which a user is not currently allowed to hop.  Let the range of F be defined by Fmin and Fmax where 0 <= Fmin < Fmax <= N. 
For each hop (hops occur every 4.615 ms frame in the case of GSM), the transmitter and receiver use the following procedure in order to determine a pseudo-random frequency index :

Compute 

M, integer (0 .. 152)
:
M = T2 + RNTABLE((HSN xor T1R) + T3)

S, integer (0 .. N‑1)

:
M' = M modulo (2 ^ NBIN)



T' = T3 modulo (2 ^ NBIN)

      if  M' < N then:

S = M'

else:

S = (M'+T') modulo N
where the parameters used are defined in 3GPP TS 05.02. 

In GSM hopping, S is used to select the hop frequency index, MAI = (S + MAIO) modulo N, where MAI is the Mobile Allocation Index and MAIO is the Mobile Allocation Index Offset.  However, in this algorithm, S is treated as a pseudo-random frequency index and is used to select one of the allowable frequencies in A.  Let the sequence of pseudo-random indices generated by the algorithm be S = {S0, S1, S2, …}. Note that Si ( {0, 1, .., N -1} can be larger than the number of allowable frequencies F.  Therefore, in this constrained hopping algorithm, the user hops to (HS’ + MAIO) modulo N where S’ = Si modulo F (i.e., it is restricted to the allowable set).  As in current GSM hopping, the MAIO is employed to guarantee orthogonality between hopping sequences of users within the same sector.  The hopping state is then updated as

1. Set c = HR  where R = Si modulo F
2. Set HR = HF-1 

3. Set HF-1 = c 

4. Decrement F by 1

5. If F <= Fmin, 

Set F = Fmax and shift H cyclically to the right by (Fmax - Fmin) modulo N
In the first three steps, the value of the hopped frequency, HR, is swapped with HF-1.  In the fourth step, F is decremented by one so that the set of frequencies over which the user can hop for the next burst is reduced.  Hence, when the next burst is considered, the hopped frequency becomes the first element in set B.  When F reaches a pre-determined minimum value, Fmin, (e.g. 0), F is reset to Fmax and H is cyclically shifted to the right by (Fmax - Fmin) modulo N. In this way, the oldest candidates in H can be considered once again.

Consider an example with the following parameters:

· N = 8 frequencies

· Fmin = 0, Fmax = 4

· Initial hopping state H = {1 3 4 6 2 0 5 7}

· Initial value of F = 4

The table below shows the algorithm at work when the GSM hopping index sequence, S, is {1 5 2 4 1…}.  For simplicity, the hop frequencies are computed assuming MAIO = 0.  

	Burst 

Number
	Hopping

Index S
	Compute Hop 

Frequency
	Update H
	Update F
	Update H

if F = Fmin
	Update F if

 F =Fmin

	0
	1
	H(1 mod 4) = H1 = 3
	H = {1 6 4 3 2 0 5 7}
	F = 3
	
	

	1
	5
	H(5 mod 3) = H2 = 4
	H = {1 6 4 3 2 0 5 7}
	F = 2
	
	

	2
	2
	H(2 mod 2) = H0 = 1
	H = {6 1 4 3 2 0 5 7}
	F = 1
	
	

	3
	4
	H(4 mod 1) = H0 = 6
	H = {6 1 4 3 2 0 5 7}
	F = 0
	H = {2 0 5 7      6 1 4 3}
	F = 4

	4
	1
	H(1 mod 4) = H1 = 0
	H = {2 7 5 0 6 1 4 3}
	F = 3
	
	

	…
	
	…
	…
	…
	…
	…


Table 1.   FH Algorithm Example.

In the example above, the first hopped frequency is 3.  The ensuing updates to H and F indicate that the next hop frequency can only be 1, 6 or 4.  Based on S1, the next hop frequency is chosen to be 4.  H and F are updated. S2 reveals 1 is chosen from among 6 and 1. H and F are updated and 6 is chosen. The update to F indicates that the minimum value is reached and hence, H is cyclically shifted by (Fmax - Fmin) mod N = 4 and F is reset to Fmax = 4.  This process is iterated through and the hop sequence is determined to be 3 4 1 6 0.  This result is for a user with MAIO = 0.  A user in the same sector with a different MAIO, say MAIO = 2, would have had a hop sequence of 5 6 3 0 2.

This algorithm is stated in a general way to allow flexibility in the actual implementation.  Optimization of the parameters for a given F is FFS.  Although the proposed change ultimately alters the hopping sequence, this algorithm uses the existing GSM hopping framework thus allowing compatibility with legacy frequency hopping.  Therefore, the similarity to the current GSM hopping algorithm allows this feature to be turned off for cases such as large spectrum deployments.  In such cases, the regular GSM hopping algorithm can be employed.

Since the algorithm considers consecutive bursts spanning multiple frames, the algorithm easily applies to full rate voice (diagonally interleaved) and data (block interleaved) services.  The algorithm also applies to half rate voice if N >= 8. 

3 Simulation 
In this section, details of the simulation are presented, including simulation parameters, assumptions, and results.

3.1 Simulation Assumptions

Simulation assumptions are listed below.

Cellular System Model

· Deployment

· Frequency Reuse Pattern: 1/1 reuse. Hexagonal sectors are assumed giving rise to cloverleaf shaped cells. 

· 5x5 cell layout with wraparound

· Base station separation = 3 km; cell radius  = 1 km

· Carrier frequency = 900 MHz

· Antenna pattern from UMTS 30.03 [2]

· Propagation

· Initial transmit power of 43 dBm

· User location randomly chosen; ideal serving sector selected

· Path loss of 21 + 35log10(d) dB, d in meters 

· Log normal shadow fading with ( = 6 dB

· Noise floor of –113 dBm
· Typical Urban (TU) multi-path channel profile

· Mobility is not modeled in the simulation
Traffic Model 
· Poisson arrival of voice calls.

· Exponentially distributed talkspurt and silence periods

· Voice activity factor of 0.4

Channel Model

· Frequency separations assumed greater than coherence bandwidth

· Block fading model is employed

· Over block duration, fast fading is assumed constant

· Block durations of 4.615 ms, 40 ms, and 400 ms are considered

System Parameters
· Random Channel (full rate) assignment for all users

· BER-based power control

· Quantized RxQual

· 14% RxQual erasure rate

· 480 ms update interval

· 12 dB range, 2 dB levels

· MR59 vocoder

· GMSK modulation

Performance metrics 

· 0.6% FER for 90% or 95% of users 

· 2% blocking

3.2 Simulation Results

Simulation results were run for several different hopping algorithms:

· Unconstrained:  GSM-like hopping with pseudo-randomly generated frequencies and no constraints on repeated frequencies.

· Constrained-4:  Repeated frequencies are not allowed within each four burst frame.  However, frequencies can be repeated between frames.  This is equivalent to the proposed algorithm with Fmax = N and Fmin = N-4.  The initial state is randomly generated for each sector, but is constrained to span all frequencies.

· Constrained-8:  Repeated frequencies are not allowed between consecutive frames (8 bursts).  This is equivalent to the proposed algorithm with Fmax = N-4 and Fmin = N-8.  The initial state is randomly generated for each sector, but is constrained to span all frequencies.

Simulations were performed for block fading durations of 4.615, 40, and 400 ms, respectively.  Power control was optimized as a function of the number of frequencies, frequency hop algorithm, and the block fading duration.  While users in the simulation are actually stationary, it is interesting to gauge the performance across different channel correlation times as the penalties associated with repeated frequencies are likely to vary as a function of the time correlation.  A simulation that included mobility would certainly yield different capacities, but the general relationship between repeated frequencies and performance degradations would be similar.  

Assuming a Jakes model, the correlation time, (c, can be computed as (c = c/(f (v) where c is the speed of light, f is the carrier frequency, and v is the velocity at which the mobile travels.  Table 2 shows the velocity required to achieve these correlation times as a function of (c and f = 900 MHz.

	(c
	f
	v

	4.615 ms
	900 MHz
	260.0 km/hr

	40 ms
	900 MHz
	30.0 km/hr

	400 ms
	900 MHz
	3.0 km/hr


Table 2.  Relationship Between Correlation Times, Carrier Frequency, and Mobile Velocity.

The table reveals that a channel correlation time of 4.615 ms requires extremely high mobile velocities.  This case is still interesting to consider, however,  as simulations commonly assume independent fades from burst to burst even when consecutive bursts are transmitted over the same frequency.

Capacity results are shown in Tables 3, 4, and 5 for block fading durations of 4.615, 40, and 400 ms, respectively.  

	Number of 

Frequencies
	Type of 

FH
	Capacity

(Er/Sect/MHz)
	% Gain over

Unconstrained FH
	% Gain over Constrained-4 FH

	4
	Unconstrained
	17.8
	
	

	4
	Constrained-4
	17.6
	-1.1
	

	8
	Unconstrained
	23.1
	
	

	8
	Constrained-4
	22.8
	-1.3
	

	8
	Constrained-8
	22.4
	-3.0 
	-1.8

	12
	Unconstrained
	24.7
	
	

	12
	Constrained-4
	24.6
	-0.4
	

	12
	Constrained-8
	24.5
	-0.8 
	-0.4


Table 3.  Capacity Results for FH algorithms with block fading duration of 4.615 ms.

	Number of 

Frequencies
	Type of 

FH
	Capacity

(Er/Sect/MHz)
	% Gain over

Unconstrained FH
	% Gain over Constrained-4 FH

	4
	Unconstrained
	12.2
	
	

	4
	Constrained-4
	13.7
	12.3
	

	8
	Unconstrained
	18.5
	
	

	8
	Constrained-4
	20.2
	9.2
	

	8
	Constrained-8
	22.3
	20.5 
	10.4

	12
	Unconstrained
	21.1
	
	

	12
	Constrained-4
	23.1
	9.5
	

	12
	Constrained-8
	24.4
	15.6 
	5.6


Table 4.  Capacity Results for FH algorithms with block fading duration of 40 ms.

	Number of 

Frequencies
	Type of 

FH
	Capacity

(Er/Sect/MHz)
	% Gain over

Unconstrained FH
	% Gain over Constrained-4 FH

	4
	Unconstrained
	10.4
	
	

	4
	Constrained-4
	11.9
	14.4
	

	8
	Unconstrained
	17.0
	
	

	8
	Constrained-4
	19.2
	12.9
	

	8
	Constrained-8
	21.9
	28.8 
	14.1

	12
	Unconstrained
	19.9
	
	

	12
	Constrained-4
	21.2
	6.5
	

	12
	Constrained-8
	22.9
	15.1
	8.0


Table 5.  Capacity Results for FH algorithms with block fading duration of 400 ms.

For channel correlation times of 40 and 400 ms, the results reveal that large capacity gains over GSM hopping can be achieved, the magnitude of which depend on the number of frequencies, the frequency hop algorithm, and the block fading duration.  The reduction in frequency repetitions achieved through the proposed constrained hopping algorithm effectively increases the number of independent fading states thereby improving system capacity.  

The constrained hopping algorithm, however, can lead to small losses if the fading is independent from burst to burst (4.615 ms channel correlation time).  In this case, no gains in fading diversity are achieved with constrained hopping algorithms.  The capacity reduction suggests a slight loss in interference diversity which may have resulted from a reduced hopping space.  With random hopping, there can be up to N8 different hop sequences for consecutive frames.  However, in the constrained hopping methods, there are only as many as N! allowable sequences for N >= 8.  It is possible that the collision properties in this reduced space are slightly worse than in the unconstrained case.  In any case, it is clear that the losses are small and are far outweighed by the benefits of constrained hopping if a mixture of users with channel correlation times spanning 4 and 400 ms is considered.  

Finally, note that the constrained algorithms are more robust to different channel correlation times.  For N=8 and 90% satisfied users, the Constrained-8 algorithm has a range of 21.9 – 22.4 Erlangs/Sector/MHz across the block fading durations considered.  In contrast, the Unconstrained hopping method ranges from 17.0 – 23.1 Erlangs/Sector/MHz.  This is illustrated in Figure 4 where the Constrained-8 capacities are static across varying channel coherence times and the Unconstrained capacities are quite sensitive.  
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Figure 4.  System capacities for 8 frequencies as a function of channel coherence time 

Also shown in Figure 4 are the capacities for 95% satisfied users.  The results indicate that capacity gains for constrained frequency hopping of similar magnitude can be obtained for both 90% and 95% satisfied users.

4 Protocol Aspects

The proposed frequency hopping algorithm has impacts on the protocol.  When a user enters the system (e.g. at the start of a voice call), it must know the hopping state, H, the number of currently allowable frequencies, F, and the range of F defined by Fmin and Fmax where 0 <= Fmin < Fmax <= F.  Fmin and Fmax can be provided during call setup. The network can provide H and F to the user terminal in one of the following 2 ways:

1. These parameters can be provided during call setup along with an associated timestamp. Since the algorithm to reconstruct the time evolution of H and F are known, the user can then determine this state information at the current time.

2. Alternatively, the state can be refreshed (i.e., H =  { H0, H1, …,HN-1 }, F = Fmax) at pre-determined time instants. The user can then reconstruct the time evolution of H and F from the previous refresh instant to the current time.

Further investigation of these approaches is needed.  This is FFS.

5 Conclusions

In this contribution, an enhancement to the GSM frequency hopping algorithm was proposed.  By constraining the hop sequence to reduce the rate at which frequencies were repeated, frequency diversity was increased.  Simulation results were presented and revealed that the proposed algorithm yielded significant capacity gains, the magnitude of which were a function of channel correlation times and the number of frequencies over which users can hop.  

Based on the system capacity benefits demonstrated in this study, we recommend that the proposed constrained frequency hopping algorithm be standardized in GERAN Release 5.  

References

[1] 3GPP TS 05.02, “3rd Generation Partnership Project; Technical Specification Group GERAN; Digital Cellular telecommunications System; Multiplexing and Multiple Access on the Radio Path (Release 1999).”

[2] UMTS 30.03, “Universal Mobile Telecommunications System (UMTS); Selection Procedures for the Choice of Radio Transmission Technologies of the UMTS,” V3.1.0, 1997. 

Bursts





Bursts








� We refer to full fading diversity as the case where every burst within the interleaving depth of a speech frame experiences an independent fading state. This is possible only if the number of frequencies is greater than or equal to the number of bursts over which a speech frame is interleaved and the frequencies are sufficiently separated from each other.





1
1

