
Lecture 16- Pre-lecture reading  
The world of digital cellular systems- 2G, 3G, 4G and 5G 
The world of 2G: explosive growth of voice services and text-messaging 
A good way to see what was happening in cellular is to review the CTIA data.  If we 
review our CTIA data for 2G period (roughly 1998-2008), we notice that the results are a 
huge surprise.  Instead of three times as many users per cell, which seemed like a big 
advantage for the providers, there were about the same 1000 users per cell, and they 
were talking 6 times as much!  This is a good example of the power of competition.  We 
have discussed AT&T’s role in this process, where they bought McCaw cellular and 
used the 2G capacity to offer “nationwide calling packages” that offered many minutes 
for a fixed and attractive price.  People flocked from other providers to AT&T, so the 
other providers started to offer bigger and cheaper packages.  It appears that in 2008, 
users finally reached the point where (even with “unlimited” calling packages) they were 
talking as much as they wanted to (about 8000 minutes/year). Voice traffic per user 
hasn’t increased since then. 
But if usage increased 6x and only 3x was provided by 2G technology, where did the 
rest of that 6x come from?  It wasn’t with more cells. The data shows that the number of 
cells increased only as much as the number of users, and not significantly more (thus 
preserving the 1000 users/cell).  It could have been more spectrum in the base stations 
(we don’t have good information on this, except for Verizon’s expensive spectrum 
purchase for New York City) but it is likely that most of the increase was sort of a free 
gift to both the users and the providers.  Before portable phones, minutes were limited 
to when people were in their cars, but the introduction of pocket phones made cell 
phones available all the time.  Systems are designed to meet demand during the busy 
hour, so calls in other hours are essentially free (they simply use capacity that is already 
paid for).  For car phones the busy hours are the morning and evening commuting 
hours and most people don’t spend a lot of hours in their cars beyond that.  The pocket 
phone made calling possible any time, so that same system could carry many more off-
peak minutes in a pocket-phone world.   
Remarkably, not only were users in 2008 talking 6x as much—the “low-cost packages” 
had caused revenues per user to fall 20%, to $40/user/month, but amazingly, 2G was 
the probably a golden age of growth and profit for the service providers.  First, all those 
low cost offers got a lot more people to become cellular users.  The number of users 
almost quadrupled in what we are calling the 2G decade, from 69M users in 1998 to 
270M in 2008, but the dramatic growth started a bit earlier.  From 1995 to 2008, the 
number of user increased almost 8x.  Cellular service was almost universal by the end 
of the 2G era.  As we have discussed, as businesses grow they generally get more 
efficient (they require fewer employees per customer, so their SG&A expenses per user 
are reduced).  Due to the dramatic growth during that period, reductions in SG&A alone 
more than made up for the lost revenue, and then text-messaging (made possible by 
2G digital radios) became the icing on the cake.   
There were 90 billion text messages sent in 2005, bringing in revenues of about $9B (or 
about 10 cents per message).  Three years later, in 2008, the number of text messages 
had increased 11x (there were a trillion text-messages bringing in $28B).  Once again, 
competitive “packages” increased the volume of messages dramatically and reduced 
the cost.  The revenue per message fell to 5 cents, but the messages were essentially 
“free” for the providers.  Total revenue from text-messaging was increasing sharply, 



bringing in another $8 per month per user and making up for most of the $10 drop in 
voice revenue/user/month. One character of text is a Byte, or 8 bits, and messages are 
pretty short, so an entire message will generally require less than one hundred Bytes– a 
tiny fraction of the system’s capacity.  A minute of voice, which was bringing in the same 
5 cents, needs about 100,000 Bytes (a thousand times more Bytes for the same price).  
In 2008, 20% of cellular revenues came from text messaging, but this consumed about  
0.1% of the system capacity, so no new cells or spectrum were required for this service.  
It’s easy to see why the cellular providers might have thought that digital services were 
wonderfully profitable, and that providing 3G access to the Internet would be a great 
business.   
 
The world of 3G and 4G: Cellular meets the Internet (and spends a lot of money)  
The 3G dream began much earlier than we might imagine.  There was the realization 
that “communication, information and entertainment” were all just bits, and the magical 
fiber capacity of the internet could provide them all rather well.  This idea was called the 
“convergence” of data, communications and entertainment (in the same system)   As 
early as the mid-1990s (at the beginning of the 2G era) the cellular providers were 
already looking forward to a new “third generation” technology that would bring the 
dream of “convergence” to cellular users.   Just as WiFi seemed to offer “unlimited and 
free” access to the Internet where it was available, cellular systems would do the same 
thing “everywhere”.  We have noticed that WiFi was able to offer that seemingly 
unlimited and free access because of its wide channels and short range.  Cellular radio 
channels didn’t offer the “unlimited and free” capability of WiFi, but there was a new 
technology associated with 3G that seemed promising. 
 
3G and 4G used improved information coding and (in particular) smart antenna arrays 
(called multiple input multiple output (MIMO)) and the technique of antenna steering 
(called beamforming that allows for directional signal transmission and reception) to 
increase the capacity of a cellular radio channel beyond the 1.5 bits/sec/Hz that was 
achieved in 2G.  As usual, claims and demos suggested more dramatic increases than 
were actually achieved.   Industry groups began to argue about 3G standards, and 
demonstrations of 3G began to appear in the popular press.   
 
The focus of those 3G  (and later 4G“) demos” and press releases was always on 
impressive download speeds that could handle video rather than the download capacity 
that would allow a lot of users to do that at the same time.  Experimental bit-rates like 
384 Kbps (and even 2 Mbps where the signal was stronger) were demonstrated and 
reported in the news, but there was never any mention of the resulting capacity of a cell.  
This was an important oversight.  Even with 2G a typical cellular base station had on the 
order of 1-2 MHz of spectrum in each direction, so it could download a movie or two at a 
time.  The problem is that there are 1000 users in the typical cell and about 30 of them 
tend to be using their cell phones at any given moment.  What if more than one or two 
of them at a time wanted some video entertainment? Download speed mattered, but 
what mattered even more was the total capacity that the occupants of a cell might 
demand.  An example of the press coverage of a later 4G/LTE demonstration is a good 
example.  It didn’t mention that the demo used about 20 MHz of spectrum, so it 
achieved 150MBps with 20 MHz of spectrum, or about 7.5 bits/second/Hz (a 5x 
improvement over 2G).  That wasn’t going to handle the internet. 
 



 
 
 
 
 
It was certainly true that video takes a higher bit-rate than voice, but what was 
overlooked was the nature of the Internet—the seemingly infinite fiber-based capacity 
that let users believe they could have all the information and entertainment they wanted 
for a very low price.  For access to that “Infinite and free” Internet, the cellular system 
(even with 3G and 4G), would be an expensive bottleneck.  Another characteristic of the 
Internet was that demand for capacity kept increasing.  It was much greater in 2008, 
when 3G really got going, than it was in the 1990s, and is much greater today than it 
was in 2008.  This never-ending demand for “more” bothered the Internet providers “a 
bit”, but not too much, because the capacity of fiber kept increasing.  For the cellular 
providers those never-ending increases in demand have been a much more serious 
problem. 
 
Optimism about 3G remained high at the turn of the millennium, as auctions were held 
in the US and in Europe for what was generally considered to be “3G spectrum”.  As we 
see below, very high prices were paid for that spectrum, and optimism about 3G among 
providers was reduced somewhat. 
 



 
 
 
Optimism was further dampened by delays in the technology and in the somewhat 
disappointing performance of the first smart phones.  Moreover, as is common with new 
services, it turned out that people didn’t really know what they wanted smart phones for. 
 
 

 
 
 



3G service was delayed for several years, but Steve Jobs’ announcement of the            
I-phone in 2007 marked the beginning of the public infatuation with smart phones, and 
the beginning of the cellular providers’ struggles to meet the demand for ever increasing 
capacity.   
 
From the peak voice capacity of about 8000 minutes/user/year at the end of 2G to more 
than 4GB/user/month that is now being consumed by almost 300 million smart phones, 
providers have been forced to increase the total capacity of their systems by an 
incredible 70x!  To achieve this amazing result they added 100,000 new base stations, 
upgraded all the base stations from 2G to 3G and then 4G, and bought a lot of new 
spectrum.  The cost of about $450 billion dollars was more than they they had spent in 
the first 23 years of cellular.  They expected 3G/4G to be a premium service costing 
about $20/month more than voice, but their revenue per user has remained flat at about 
$50/month during the smart phone era.  This story of huge investments, dramatic 
increases in capacity and a lack of financial reward is worth telling. 
 
Achieving the 70x capacity increase: a dramatic success  
When 3G services did begin in the early 2000s, it took a few years for growth to take 
hold, and more years for “apps” to emerge that sparked significant usage.  In 2008, 
about 15% of cellular customers had smartphones, but their usage was less than 1 GB 
per year (about the same as voice).  A decade later, CTIA data shows that the final 
growth of cellular to “everybody” (about 300M users) had happened.  90% of users had 
smartphones, and their data usage had increased to more than 4 GB per month!   
Between the final increase of 25% in the number of users and the huge increase in 
demand per user, the total demand for capacity has increased 70x since 2008.  We 
need to understand how that incredible increase was achieved. 
We see from the CTIA data that the number of cells increased by about 50% (a factor of 
1.5).   Turning to spectrum purchases, it’s hard to be precise because published 
numbers are somewhat confusing, but a good guess is that the providers tripled their 
spectrum holdings for 3G/4G, which of course would account for a 3x increase in 
capacity.  Thus, the combined effect of new cells and new spectrum (an investment of 
perhaps $150B), provided only a 4.5x gain in capacity.We know that 3G/4G technology 
would have increased the capacity of the existing cells, but early claims of 3G and 4G 
capacity were often unrealistic and the calculation is actually quite complex.   
We have now accounted for increases of 1.5x for new base stations (costing $100B), 3x 
for new spectrum (costing perhaps $150B), and 5x for 3G and 4G technology (costing 
$200B, or about $600K per base station!).  Thus we have now accounted for an 
increase of 23x costing $350B and we still need to find another 3x to account for the full 
70x we are looking for.    
One good guess is that data is more efficient than voice in terms of the spectrum 
needed.  Voice requires an uplink and a downlink and only one is in use at any moment, 
so it wastes half the spectrum.  For data, on the other hand, we can use whatever 
amount of spectrum we need in the two directions on an instantaneous basis (mostly 
the downlink for smart phones) and we can use both directions simultaneously, so as a 
first approximation we will assume that this provides a 2x increase in capacity from a 
given amount of spectrum.  Happily, this 2x increase was due to the nature of the 
information, as was therefore “free’. 



A final guess involves off-peak usage.  As we observed earlier, the transition to portable 
phones made systems more efficient because people could use them all day, but in a 
polite world there isn’t much voice calling at night.  Data usage is more consistent 
during the entire 24-hour day, so it loads the system more efficiently in the off-peak 
hours.  This is illustrated in the figure below which supports an increase of about 1.5x 
from the “24/7” usage of smart phones.   

 
 
Combining all our results for new cells (1.5x), new spectrum (3x), 3G/4G technology 
(5x), 1-way transmission (2x), and “24/7” usage (1.5x), we get a total increase of  
1.5 * 3 * 5 * 2 * 1.5 ~ 70x.  This is close to the CTIA results, which increases our 
confidence in our assumptions and calculations. 
Unfortunately, that impressive increase in capacity came with a huge price-tag.  The 
investment in 100,000 new base stations ($100B), upgrading all 300,000  base stations 
to 3G and 4G ($200B) and buying more spectrum (perhaps $150B) adds up to $450B 
(about $1500/user in new investment during the smart phone era).   
Paying for it all without increased revenues: a difficult problem 
The calculation shown below for all systems calculates that based on a 10% return the 
incremental investments made by providers during the smart phone era required 
incremental revenue of $105B.  The growth we are discussing includes an increase of 
60M new users in the first few years of the smart-phone era, until “universal” cell phone 
ownership was achieved in 2012 (at about 300M users).  We will assume that those 
new users paid at least the base rate of about $600/user/year (a total of $36B), but the 
remaining $69B would have to be shared by about 270M smart phone users nationwide.  
As calculated below, this means that the investment made in the smart phone era 
should have resulted in a premium of about $20/month/smart phone user.  This is 



consistent with statements made by the providers (they initially described smart phone 
service as a premium cell phone service that would cost about $20 extra per month.   
Alas, as we have seen in earlier examples, the expected revenues never materialized.  
Once again, providers competed with package offers of more data—even unlimited 
data—for prices that were unprofitably low.  Users did pay slightly more for a few years, 
while demand was doubling every year, and then they actually started to pay less.  Over 
the smartphone decade 2008-2018 the revenues were essentially flat at $50/month.   
 

 
 
It seems logical that spending more than a quarter of a trillion dollars to provide smart 
phone access without an increase in revenues would show up dramatically in the profits 
of the providers, but in fact it does not.  Their P&L reports seem pretty stable through 
that time.  This is a puzzle we must return to in lecture 21 and later.  For now, we will 
finish this lecture with a brief introduction to “5G”. 
 
The world of “5G” 
We have seen that cellular providers have been forced to invest unprofitable amounts in 
3G and 4G to give smart phone users an average of about 50GB of data per year.  
Since revenues have been flat it is not wise to keep investing in that direction but 
competition is fierce so it’s important to “be the leader”, even if we aren’t sure where we 
are going.  Reporting on the subject of 5G was impressively grand but somewhat vague 
and confusing, as illustrated in the article below (from 2020): 

https://www.cnn.com/2020/02/03/perspectives/5g-disruption/index.html 

Below are snapshots of press releases that describe how investors, politicians and 
service providers felt about 5G.  

https://www.cnn.com/2020/02/03/perspectives/5g-disruption/index.html


 

 

 

We can understand that Wall Street analysts are not likely to understand and debunk 
those exaggerations and politicians have rather different objectives than system 
designers, but what about the service providers?  Shouldn’t they know better?  Is this all 
smoke and mirrors with no real substance, or are we at the verge of great things?  
Maybe it’s just that claims are cheaper than systems, or maybe it all makes sense. 
What “unforeseen innovations” does AT&T foresee as identified in the press release 
below?  Is it about vast reaches of spectrum at millimeter wave frequencies that can 
download a movie in 5 seconds, or new services at conventional frequencies? 

From the strange economics of 3G and 4G, (where providers can invest hundreds of 
billions of dollars with no increase in revenues) to the promise of 5G (which is either 
very important or just “propaganda and politics”) we will spend several lectures after the 
2nd Midterm Exam trying to make sense of it all. 

 

 
 
 


