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Communication Capital, Metcalfe’s Law, and U.S. Productivity Growth 

Carol A. Corrado 

Few doubt that networked computing and wireless communication are profoundly influencing 

how firms and households engage in economic activity, but measuring and assessing the effects 

of these phenomena is a daunting task.  This paper builds upon prior work (Corrado and Byrne 

2009) to improve the measurement of the “C” in ICT prices and thereby help interpret trends in 

technology and U.S. productivity performance.1  As governments increasingly ask what they can 

do to foster the use of ICT capital and disperse high-speed broadband throughout their 

communities, improving and interpreting the underlying data used to study productivity and 

innovation remains vital. 

This paper contributes to the innovation policy discussion in three ways:  one, by analyzing the 

role of communication network externalities in the recent macroeconomic productivity 

performance of the United States; two, by bringing much new information to bear on the 

measurement of communication capital; and three, by assessing the relationships among the 

quantity of communication and information services provided and the quantity of the associated 

capital assets used to supply them (mainly ICT assets).  The thread that ties these topics together 

is Metcalfe’s Law. 

As explained in Mann (2006, p. 7-8), named for a researcher once at Xerox’s famed Palo Alto 

Research Center, Metcalfe’s Law states that the value of a network increases with the square of 

the number of users of the network and leads to a situation where stocks of ICT capital within a 

sector or country are disproportionately beneficial to growth.2  Commonly referred to as network 

externalities, micro, industry, and cross-county studies all have confirmed the presence of these 

effects.3  In more standard terms, these effects might be called returns to scale, but that does not 

connote as clearly that we are dealing with a property (or properties) of a network or a system, 

not a firm’s production function.  The establishment of a network has two key phases for which 

                                                      
1 ICT is short for information and communications technology. 
2 See also “Beyond the Ether” in the Economist magazine’s Technology Quarterly, December 12, 2009, page 23, for 
more information on Metcalfe and Metcalfe’s Law. 
3 Early contributors in each genre include Brynjolfsson and Kremerer 1996, Mun and Nadiri 2002, and Roller and 
Waverman (2001), respectively. 
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Metcalfe’s Law is a good short-hand.  The first is a build-out phase characterized by high 

investment and capacity building, followed by a take-up phase, during which utilization of the 

installed capacity rises and returns to scale accrue.  

Because communication capital creates a network that is inextricably linked to computing and 

Internet technologies, it also embodies their nature as general purpose technologies (or GPTs, 

Bresnahan and Trajtenberg 1995).  GPTs have characteristics such as high fixed costs, low 

reproduction costs, a ready ability to be adapted to new uses – and thus such capital has the 

ability to generate high marginal returns when widely dispersed and innovative adaptation 

occurs.  The synergy between the GPT nature of network technology and the scale effects of 

Metcalfe’s Law suggests communication capital has significant potential for creating network 

externalities.4   

According to figures published by the BLS, macro growth accounting currently attributes most 

of the post-1995 acceleration in output per hour to multifactor productivity (MFP) and very little 

(about 1/5) to the impact of ICT capital deepening.5  Combined with the relentless pace of high-

tech production offshoring, a good deal less of the resurgence in U.S. productivity is now being 

attributed to ICT than it was when pre-2001/2 data points were used in the analysis.6  To ground-

seat observers of developments in communications, especially wireless communications, the 

pace of technology and innovation has been astonishing in recent years.  Can it really be true that 

newer and better means for communicating and transmitting information has ceased to be an 

important source of U.S. economic growth? 

If the spread of high-speed networking and wireless communications through the wider economy 

has created network externalities, the conventional sources-of-growth framework will attribute 

them to MFP not to ICT capital.  This paper uses the processes described above—network build 

out, network utilization, rate of innovative adaptation, and returns to scale—to sort through how 

the spread of high-speed networking and wireless communication shaped the U.S. productivity 

experience of the 1990s and 2000s.  And to be clear at the outset: in terms of sources-of-growth 

                                                      
4 See Brynjolfsson (2009) for a vivid description of the synergy between innovation and the “scaling” enabled by 
ICT capital and the Internet. 
5 Using data through 2007.  See http://www.bls.gov/news.release/archives/prod3_03252009.pdf 
6 See Jorgenson and Stiroh (2000), Oliner and Sichel (2000), and Jorgenson (2001) for the early discussions of the 
role of ICT on the productivity acceleration. 
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accounting, only the latter two processes are attributed to MFP.  Network build out and, under 

certain conditions, network utilization are included in the capital contribution as conventionally 

calculated. 

A preview of the results is as follows:  The 1990s were a period of network build out and an 

initial wave of innovative adaptations (associated with the Internet), and the early 2000s a period 

of rising utilization, pure scale effects (Internet again), and a new wave of innovation (associated 

with wireless networks).  The Internet, a network of networks, was commercialized by the NSF 

by 1992 (after having worked with IBM, MCI, and Merit to establish the first T1 line in 1987 

and the first T3 line a year later).  It is the primary story in this paper.  

Because Internet technology obtains economic value from complementary investments in ICT, a 

good deal of the boom in these investments in the second half of the 1990s can arguably be 

attributed to the expansion of network technologies and the possibilities they created for 

competitive advantage (Greenstein 2000; Forman, Goldfarb and Greenstein 2003a).  That the 

installed base of ICT capital may not have been not fully utilized at the business cycle peak in 

2000/2001 is a common theme in the recent productivity literature, and this paper interprets 

evidence for that as supporting the view that rising network utilization—more precisely, the 

returns to scale that accompanied it—contributed to the productivity results of the 2000s. 

Evidence for the productivity-enhancing effects of adopting advanced Internet technologies also 

is found, and all told, the workings of Metcalfe’s Law is found to be central to the strong 

productivity results of general business in the early 2000s. 

A second, and related, story centers on studying the productivity of capital in the provision of 

network services.  This includes both the publicly marketed voice and Internet access services 

and the self-produced services of business local and wide area networks (LANs and WANs).  We 

look at capital productivity because it summarizes the “total” impact of both technology and 

capital deepening as in Hulten (1979).  The standard productivity data is used to develop 

measures for network capital utilization and network capital productivity that serve as detection 

devices for network effects in the wider economy.  A sharp rise in capital utilization among 

public providers in the early 2000s suggests network effects were kicking in strongly at that time. 



4 
 

The first two sections of this paper set the stage for these results by reconsidering the data used 

to gauge trends in technology, especially network and wireless communication technology 

(section 1), and to measure communication capital (section 2).  We then look at the provision of 

network services to help better understand how networked capital creates externalities (section 3) 

and finally we assess the role of network effects in the post-2000 productivity performance of the 

United States (section 4).   

1.  Prices for high-tech products and the pace of communication technology 

Although the pace of change in quality-adjusted prices for high-tech products is a significant 

factor in productivity analysis (Jorgenson 2001), the picture for the equipment and systems that 

make networked computing and wireless communication “happen” tends to get lost.  This is due 

in part to the prominence given to advances in electronics as harbingers of the technological 

future but it also arises because the available prices for the equipment and systems that embody 

modern communication technologies are not incorporating all that is going on.   

Byrne and Corrado (2009) developed an approach to the measurement of communication 

equipment output and assembled data on prices for more than 50 different types of 

communication products.  Most of these items were further disaggregated by variety, and 

sometimes observations on dozens of varieties went into preparing just one of their item-level 

price indexes.  The original goal of the Byrne and Corrado work was to measure prices for 

modern wireless systems and update work by Doms (2005) on prices for fiber optic transmission 

equipment and IP-based telephony systems during the 1990s.  In the end, they revisited and 

updated the record for most communications equipment products from 1963 on.  Their original 

paper produced indexes through 2005, and a recent (unpublished) update now includes prices 

through 2009.  

The Byrne and Corrado price indexes for communications equipment also incorporate up-to-date 

price indexes for wired networking equipment even though their research did not address the 

subject.  The information they use for this component is from the Federal Reserve’s industrial 

production data system.  Based on research by Doms and Foreman (2005) on prices for local 

area networking equipment, the Federal Reserve introduced a series for LAN equipment in its 

industrial production index in 2001 and made vital updates to the series since then.  The high 
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speed access routers and switches that loom large in advanced business WANs are now included, 

for example, and the series is called data networking equipment.7 

Before delving into the new results, an initial point to make (and one that echoes Byrne and 

Corrado 2009) is that different types of communication equipment employ different basic 

technologies, namely, electronics versus radio wave.  The evolution of spectral efficiency 

(measured in terms of bandwidth) for radio wave-based technology might be akin to the 

“semiconductor roadmap” for microprocessor speeds used to gauge advances in computing and 

computing prices.  But a tight relationship between measures of available bandwidth and 

communication prices just is not there (Greenstein and McDevitt 2010).  Technological 

developments in the analog/mixed signal and flash semiconductor devices utilized in wireless 

devices are only part of what constitutes a wireless “technology,” for example, as industry 

standards and software systems also play key roles.   All told, the view that the pace of 

technological progress in semiconductors will determine business productivity going forward 

does not square with what is known about communication technology.8 

Prices for seven computer, communication, and semiconductor products from 1985 on are shown 

in table 1.  The first point to make is that rates of decline in prices for computers and 

semiconductors associated with computers (lines 1 through 4 of the table) reflect the much 

discussed acceleration in Moore’s Law during the second half of the 1990s.  As is also generally 

known, the speed up proved temporary and prices for computers and MPUs declined at slower 

rates in the 2000s.  The industry acknowledges that “as key critical circuit layers shrink to a few 

atoms thick, further progress [...in miniaturization...] may be impossible.”9  Seen from this 

perspective (the “semiconductor” perspective), until or unless the “next big thing” takes over, 

quality-adjusted ICT prices would not be expected to continue to decline at historical average 

rates.  Indeed, comparing column 4 with column 3, the pace of decline in MPU and computer 

prices has begun to slow even further in recent years.10 

                                                      
7 The industrial production data system now also includes most aspects of the Byrne and Corrado research.  See 
Bayard and Gilbert (2008) and Hall (2009).  
8 Aizcorbe, Flamm, and Kurshid (2007) offer a related perspective on this issue. 
9 “Nanoelectronics Research Initiative,” Semiconductor Industry Association website, accessed 4/20/2010. 
(http://www.sia-online.org/galleries/Publications/SIA%20NRI%200210.pdf) 
10 Quality-adjusted prices for DRAM show few signs of acceleration, however.  These chips rely almost exclusively 
on miniaturization and provide a simple read on the ongoing progress of Moore’s Law.  Therefore, the discrepancy 
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Prices for communications products (lines 5 through 7) show essentially stable trends.  Prices for 

these products neither fell materially faster during the late 1990s (column 2) nor materially 

slower very recently (column 4), a period of lackluster demand in the overall economy.11   

Furthermore, despite the diversity of communication products and technologies, the pace and 

pattern of price declines among them—wired networking equipment on the one hand and 

wireless systems on the other—are strikingly similar (Byrne and Corrado 2009).  Strong demand 

undoubtedly is a central part of the story although looking at price declines does not convey the 

separate demand and supply forces that are at work.   

Table 2 shows selected indicators that highlight the dizzying pace of change in markets for 

computing, networking, and mobile products and services since 1980.  Not only has the increase 

in wireless subscriptions been rapid (line 2), on a per capita basis mobile connections were as 

ubiquitous as PCs in the United States by 2008 (lines 8 and 9, column 10).  Meanwhile, the 

spread of high-speed networking (in terms of number of broadband lines) through the economy 

progressed at an astonishing rate (lines 3 to 6); underneath the figures shown, there were strong 

gains in high-speed cable subscriptions, offset by losses in DSL.  If the figures on high-speed 

Internet access lines were weighted to represent delivered bandwidth, the pace of change would 

be even stronger.  Moreover, high-speed Internet markets are not saturated (in terms of 

households) and the future demand for broadband—especial for FTTP and mobile wireless 

services connections (line 7)—is likely to remain very strong. 

A final perspective on the pace of change in communication technology is found in The National 

Broadband Plan recently issued by the FCC.12  Highlights of its commentary on the expansion of 

network capacity in the 2000s include:  (1) Median broadband speeds offered by cable 

companies (in unbundled contracts) increased nearly 70 percent from 2004 to 2006 and by 

another 60 percent from 2006 to 2008.  (2) The bandwidth of wireless has increased by a factor 

of roughly 40 or more since the early days of 2G technologies – and the upgrade to 3G only 

began in earnest in the United States in late 2003.  (3) From the 3G standard in wide use by 2005 
                                                                                                                                                                           
between the contour of DRAM prices and MPU prices in recent years suggests something else is afoot—the shift to 
multiple cores, an emphasis on saving energy, the possibility that price measures are not picking up all that is going 
on—all these are possible but a discussion of these issues is outside the scope of this paper. 
11 It should be noted that the trends in the price declines for cellular networking equipment, a component of wireless 
systems, are less stable but they have not decelerated in very recent years.  The updated version of Byrne and 
Corrado (2009) table 3 is shown as Appendix table A1 of this paper. 
12 Issued March 2010.  Available at http://www.broadband.gov/ 
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to the next standard scheduled for introduction in 2012, the spectral efficiency increase is a factor 

of 7.13  In other words, the bandwidth of Internet access lines and wireless connections each 

increased about 30 percent per year in the mid-2000s.  Finally, a count of wireless-related patents 

in the United States from 1988 to 2008 compiled by CTIA suggests that the staggering pace of 

network evolution in mobile wireless will continue.  More than 6,500 patents were filed in 2008, 

compared with about 1,800 in 1998 and 90 in 1988.14  

Indicators of the pace of change in communications issue a consistent message, from the prices 

of high-tech products examined in table 1, to the usage and penetration rates in table 2, to the 

technical assessments of FCC broadband specialists: change in both demand and technology has 

been very rapid in the 2000s to date.  This is most evident in wireless networks whose future will 

be determined by the rate at which applications migrate to the mobile arena. The potential for 

mobile commerce is vast, e.g., mobile banking.  Even though mobile banking requires both an 

infrastructure not yet widely available in the United States and security safeguards that until in 

place will limit adoption, the prospects are plain:  Mobile banking is in place in some other 

countries.15   

Finally, despite the emphasis on technology in this section, the nature, accessibility, and 

bandwidth of the public networks are key determinants of the commercial possibilities going 

forward—and it is important to remember that these factors are influenced by government 

policies and the ability of the industry to set standards as much as technological possibilities. 

2. Communication and ICT investment 

To assess the implications of the Byrne-Corrado communication price research for productivity, 

we first need to translate their results to NIPA prices and quantities.   Because the Byrne-Corrado 

results also pertain to import prices and not all communication products fall in final use, the task 

is less straightforward than one might think, and the details are presented in an appendix.16   

                                                      
13 This refers to the efficiency increase from WCDMA to LTE.  LTE is a link to 4G/IP standards. 
14 Page 17 of Written Ex Parte Communication from CTIA to the FCC (May 12, 2009).   See 
http://www.3gamericas.org/documents/CTIA%20MAY%202009%20FCC%20ex%20parte%20filing%20PUBLIC%
20INFO.pdf 
15 Bell, Hogarth, and Robbins (2009) provide a thorough discussion of the hurdles of mobile banking. 
16 Incorporating the Byrne-Corrado work into GDP reflects not only their detailed approach to estimating price 
change for communications products but also the “input” nature of their resulting price measures.  The Byrne-
Corrado indexes are input price indexes because they are largely developed from wherever-produced wholesale 
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Figure 1 shows the results of incorporating the Byrne-Corrado input price indexes into a deflator 

for private communication equipment investment in the NIPAs.  The Byrne-Corrado indexes 

begin in 1963 and are linked to the Flamm/Gordon indexes (Flamm 1989, Gordon 1990) that 

begin in 1948.  The implications for ICT investment prices are summarized in table 3.  The upper 

half shows the same time periods as table 1, and the bottom half shows periods for summarizing 

productivity over a longer period, from 1948 to 2007, or 59 years.   

Looking first at figure 1 and line 4 of table 3, the new deflator for communication equipment 

investment is significantly different from the published deflator.  Indeed, this is one of the main 

results of this paper.  The major differences occur in the post-war (1948 to 1973) and latest (1995 

to 2007) periods and are about equal in magnitude and message–BEA’s deflator for 

communication equipment overstates price change by 6 percentage points.   In terms of overall 

ICT price change (line 6), the new deflator has a much greater impact in the earlier period (1948 

to 1973) because the share of communication equipment in total ICT (line 2) was very high at 

that time.17 

The results in the top half of table 3 were foreshadowed by the results presented in table 1.  The 

pace of price change in communication equipment investment has been steady for nearly fifteen 

years.  Interestingly, the largest difference between the alternative and published measures of 

price change is in the last couple of years (column 4).18  Nonetheless, despite the spread of 

broadband and rapid growth in wireless communications, as shown in line 1 of table 4, the rate 

of growth of investment in real communication equipment was quite tepid in the 2000s—indeed 

it was half that for the 59-year period from 1948 to 2007 as a whole.  But that said, the well 

maintained pace in very recent years (line 1, column 4) is notable, given the weakness in total 

                                                                                                                                                                           
sales data and reflect price shifts as items move from domestic sourcing to foreign sourcing (and vice versa).  BEA 
currently calculates investment prices as a weighted average of BLS producer prices and import prices, where the 
weights reflect the relative sizes of the domestic versus foreign supply of the good.  These constructs do not 
necessarily pick up the substitution effects of shifts in item-level sourcing. 
17 The communication equipment share in later years is understated because BEA has determined that a portion of 
software R&D has been erroneously counted as own-account software in ICT (Moylan and Robbins 2007).  This so-
called “R&D double count” apparently will be corrected when R&D is capitalized as private investment in a 
comprehensive revision to the NIPAs planned for 2013.  
18 If the share of communication equipment in total ICT were to be 2-1/2 percentage points higher in 2004, as we 
estimate it would following the correction of the R&D double-count (see previous footnote), ICT prices would fall 
5.9 percent from 2000 to 2007 and 4.6 percent from 2007 to 2009 instead of at the rates shown in the table.  Given 
the range of uncertainty in these estimates (BEA only provides estimates of the double-count through 2004) and the 
ease of working with published data, we ignore this effect in the remainder of this paper. 
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ICT investment and the dramatic fall off in investment in communication structures (line 4, 

column 4).   

Turning to figures on investment in communications equipment and structures in the bottom half 

of table 4 (lines 5 and 8), the longer sweep of time shows relatively rapid rates of growth during 

both the initial (column 6) and later periods (column 8).  The former reflects the final build out 

of the PSTN, and the latter, of course, the growth of wireless communication and Internet access 

we have been discussing.  The new ICT deflator based on the research price indexes for 

communication equipment beginning in 1948 is a key factor in providing this picture.  In terms 

of the total nonfarm business sector, on the new basis the direct contribution of capital deepening 

in communication equipment to the growth in output per hour is estimated to be roughly 1/3 

larger than on a published basis. (Appendix tables A3 and A4). 

But at least one thing is still wrong with column 8:  The FCC periodically auctioned spectrum 

rights since 1994, and these expenditures are not capitalized in national accounts.  An economic 

view of investment (as in Corrado, Hulten, and Sichel 2005) would count these as private 

investment.  Wireless providers paid nearly $20 billion for the spectrum rights issued in 2008—

an amount equal to 11 percent of their revenues in that year.  All told, spectrum payments are not 

all that large in relation to overall private investment and capital; rather they are lumpy and 

appreciable in size in selected years, e.g., 1996, 2001, and 2008 (see figure 2). 

To fold spectrum rights into our investment and productivity analysis, we treat them as business 

capital in this paper, a move which requires a price deflator and a depreciation rate in addition to 

the data on spending flows.  A simple version of the “downstream” approach to determining a 

price index for intangible capital (Corrado, Goodridge, and Haskel 2010) suggests using a price 

index for wireless services; for this purpose we simply use the BEA’s price index for the gross 

output of the telecommunication services industry.  For depreciation, we use the same rate as 

BEA uses for communication structures (1.8 percent).  In principle, the treatment of purchased 

spectrum rights as an asset does not affect production as it is a balance-sheet transaction between 
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the business and government sectors.  Therefore corrections to real and nominal investment and 

asset stocks are all that is needed to amend aggregate productivity analysis.19   

Table 5a shows the result for real investment, which is affected only in recent years. Taking a 

longer perspective—from 1920 on—as shown in figure 3, the inclusion of spectrum payments 

actually changes the picture of when the latest wave of private investment in communication 

began and even where things stand now in relation to a long-term trend.  The trend used is 

admittedly very simple, and the end point of the relationship shown in the chart is difficult to 

interpret without additional information on the productivity and direction of capacity growth of 

communication networks. 

Before we turn to that subject, we introduce tables that compile new productivity results for the 

broadcasting and telecommunications industry (1997 NAICS 513).  This large industry has 

productivity results that are difficult to interpret without the perspective we are offering the 

development of networks over last 20 years.  These tables will not be discussed in detail except 

to say that the commentary offered by Triplett and Bosworth (2004) on the large influence of 

intermediate inputs on the industry’s MFP results is still relevant. The growth of inputs 

purchased from other industries expanded 13.6 percent at an annual rate from 1995 to 2000 

(table 5, line 3a, column 5) and MFP calculated on a sectoral output basis using published data 

fell back during the period (line 12).  Because spectrum payments were determined to not have 

been included in BEA’s data on purchased inputs, incorporating them as capital has a nearly one-

for-one impact on the growth of MFP (table 6, line 9).  On the new basis, the acceleration in 

productivity in 2000-2007 from the rate posted from 1995 to 2000 is nearly 2-1/2 percentage 

points, a tad more than implied by the published data.   

3. Communication capital, network effects, and capital productivity 

Communication capital is defined as the private fixed assets used to create and power all of the 

(1) publicly available and (2) dedicated business voice and data networks in the country.  

Communication capital is thus quite close to the communication investments analyzed in the 

                                                      
19 Of course things get more complicated at the industry level.  But as near as can be told, spectrum payments are 
not included in the measured business purchased inputs of the telecommunications industry.  
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previous section, though it is more expansive in that other private assets used by network 

providers to deliver services to their customers are added in.20   

The investments analyzed in the previous section are the predominant assets of the providers of 

services on publicly available networks.  But reflecting the GPT nature of communications, and 

as illustrated in figure 4, total spending on communications equipment has become more widely 

dispersed across industries in the economy. Spending by the telecommunications industry now 

accounts for 40 percent of total private investment in communications equipment in the United 

States, whereas 30 years ago it accounted for nearly 90 percent. 

The capital productivity of communications networks (1) and (2) will be used to consider how 

network utilization and network externalities show through in the productivity data, including the 

“corrected” productivity data presented in the previous section.  When Telco industry observers 

refer to “capex per customer” they are looking at a close cousin of capital productivity for often 

what is just a slice of the industry and thinking, in essence, of how Metcalfe’s Law is or is not 

being seized to the industry’s benefit.  An example of one of these relationships is shown in 

figure 5.  When such measures trend down as they do for capital expenditures on wireless 

networks from 2000 to 2009 (an 11.7 percent annual rate!), they are an indicator of rising capital 

productivity and network effects.  A framework for how network effects might show up in the 

standard macroeconomic productivity data is now offered. 

3.A. Capital productivity for a communication network: what might it look like?  

The capital productivity of a single network would be expected to evolve over time as follows: 

first, a period of capacity building during which the productivity of capital falls, followed by a 

period during which it rises with the increase in customers and utilization of the network even as 

the capital base of the network continues to grow.  From the view of customer and provider 

alike, the overall performance of the network will depend upon the balance between capacity and 

traffic on the network that is achieved.  Nonetheless, as in Metcalfe’s Law, the benefits of scale 

should accrue as utilization of an installed base of capital increases.  Rising capacity utilization is 

                                                      
20 Computers and software used by business and consumers to help them connect to networks are not included 
because we assume they are not dedicated to creating and powering the networks.  Consumer-owned communication 
equipment also is not included because, according to spending on these items in the national accounts, the stocks 
would very small. 
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a strong indicator that network externalities are kicking as benefits can accrue without attendant 

costs of capital expansion.21   

Aggregation over networks of networks and looking at the capital productivity and utilization of 

aggregate communication capital may diffuse the clarity of the simple underlying relationship of 

benefits “falling for a time and then rising with increased utilization,” particularly when new 

networks are being created and innovative uses are continuously being found for them.  The 

business cycle can also obscure the underlying build-out/take-up trend.  And the modelling must 

confront whether increasing returns to network scale (or to innovative adaptations of it) persists 

in the long-run.   

The mechanisms that work to reduce long-run aggregate returns to scale to unity are traditionally 

told in terms of the properties of a firm’s production function. See Basu, Fernald, and Shapiro 

(2001, pp. 25-27) for a discussion of the adjustments in these terms – for the scale effects due to 

fixed costs, they involve the usual competitive arguments that trigger entry of other firms, and 

for those due to market power, they involve the constant “entry” of new products and business 

practices via Schumpeterian competition.  The comparable mechanisms for network effects 

would be expected to work in more or less the same way although this paper is arguing that the 

adjustment to the long-run is and will be playing out in the productivity data for some time (see 

table 2; consider mobile commerce, cloud computing, etc.).  Whether this view is correct or not 

cannot be definitively answered until more time passes and more productivity episodes are 

available for study—but the final section of this paper makes the case for the presence of strong 

impacts in the 2000s.  

In the formulation in this paper, two quantities serve as detection devices for the presence of 

network effects.  The first is the trend in the capital productivity of networks, broadly defined 

(that is, for both types of communication capital as defined above).  The second is the utilization 

of network capital absent cyclical effects.  These quantities are related to the usual productivity 

framework in the following way.  Let the network services production function be written as:                                                    ,   ,  
                                                      
21 A large microeconomic and engineering literature considers the economies of scale, speed, and scope of control 
systems.  For a more “engineering” like description than given here, see Nightingale et al. (2003). 
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where  is network capital at capacity, µ is the rate of capital utilization,  is hourly labor 

input, and N is the real output of network services produced in a period.  Letting network capital 

productivity  be denoted by , and using  to denote the cost share of factor Z, then the 

growth of capital productivity is given by: 

(1)                                     ∆ ln ∆ ln ∆ ln  ∆ ln /    . 

The trend in capital productivity  is discerned by removing the cyclical component of capital 

utilization .  In other words, Δ ln  is given by: 

                                          Δ ln Δ ln Δ ln    , 

the sum of its trend growth component and the contribution of the business cycle.  The trend in 

capital productivity in the provision of network services  is calculated by removing the cyclical 

component of capital utilization from measured capital productivity: 

(2)                                      ∆ ln ∆ ln ∆ ln     . 

We now show how  and  are related to productivity in general business, the output of goods 

and services excluding the provision of network services .  We assume that network services 

are general business inputs whose fixed costs CN  are covered by a production function for  that 

exhibits increasing returns and can be written as follows: 
(3)                                       ,  =  ,   . 
where  is homogeneous of constant degree  1 .  The returns to network scale at any point 

in time  therefore equal , which may be greater or less than one depending on the value 

for the parameter  and the size of other quantities involved.   

If we let the contribution to O of network services N  be represented by the factor  (a parameter 

that increases with the number of users on the network) and let network fixed costs be KN , then 

the returns to network scale  can be expressed as follows: 

(4)                                      1 1⁄     . 
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Recalling that the returns to scale parameter modifies factor shares as conventionally calculated 

in growth accounting, equation (4) shows that changes in  influence accelerations and 

decelerations in productivity, e.g., a fall in  increases the rate of productivity growth and vice 

versa. 

This simple algebra implies the following:  (1) increases (decreases) in the capital productivity of 

network services provision  are associated with increases (or subtractions from) productivity 

change in general business; (2) changes in the factor --through changes in network 

utilization --influences productivity change in a similar fashion.  

Note that if the trend in the capital productivity of network services provision falls at the same 

time that the size of networks grow, providers are essentially capturing network effects in their 

revenues (that is, this is how the costs of building out the network are covered).  Producer 

externalities associated with innovative uses of networks would still show up in MFP and 

consumer externalities would still be in the unmeasured “consumer surplus,” but a falling trend 

in capital productivity of providers is a sign that the net effect of network externalities may not 

be very large.  By the same token, a constant trend gives greater scope for these externalities, and 

a rising trend even more so.  In this way, equation (4) captures the “virtuous cycle” often 

mentioned in the micro empirical literature on ICT spending and productivity, kicking in with 

full force when  and  are both rising.        

3.B. Network capital productivity and utilization: where to look in the productivity data? 

The relationship given by equation (1) is especially useful when technology is highly capital 

intensive as is true in telecommunications.  Even in the standard neoclassical model in which the 

growth in technology is exogenous, capital deepening (the extent to which the growth of capital 

that exceeds other inputs) is determined endogenously, reflecting producers’ choice for other 

inputs following a change in technology.  In this sense, capital productivity reflects the “total” 

impact of these processes (Hulten 1979).22  In our application, capital productivity is a measure 

of the efficiency with which network services are delivered and can be calculated as a Divisia 

index based on data for real network services output and real network capital input. 

                                                      
22 For most industries the growth of capital exceeds that of other inputs and in steady-state growth with constant 
returns, output moves in proportion to capital and capital productivity is constant. 
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As to network capital utilization, as previously mentioned, we must first be clear theoretically 

about how it leaves its footprints in productivity measures.  As shown by Berndt and Fuss 

(1986), capital productivity is proportional to the marginal product of capital (which varies 

directly with ) and thus capital utilization is absorbed in capital income and capital services as 

conventionally calculated.  In other words, when productivity measures are obtained from a 

sources-of-growth accounting in which the rate of return is calculated on an ex post basis (as in 

Jorgenson and Griliches 1967), capital utilization is absorbed in capital income not MFP.23   

Let us now consider how to extract a measure of capital utilization.  In sources-of-growth 

accounting, the contribution of private capital is expressed in terms of the services it provides.  

Let the value of private stocks be denoted as PIK where the price of each unit of capital PI  is the 

investment price (as per the previous section) and the real stock K is a quantity obtained via the 

standard perpetual inventory model.  In our application, the value PIK represents the 

reproduction cost of the network, and the value PKK represents the services of communication 

capital in production.  The unobserved rental equivalence price PK is related to the investment 

price by the user cost formula, , where r is an after-tax ex post rate of 

return, δ the depreciation rate used in the perpetual inventory calculation,  is capital gains, and 

T  is the Hall-Jorgenson tax term.   

The rental equivalence price is simplified by defining  , so that when capital 

services are equated with observed capital income via the calculation of an ex post rate of return, 

capital income is written as 

(5)         . 

When capital services are computed on the basis of an ex ante financial rate of return, , the 

value for capital income must be expressed differently.  Writing the rental equivalence price as    and setting , capital income becomes 

(6)            

                                                      
23 In models that introduce imperfect competition in an otherwise standard neoclassical growth framework (e.g., 
Rotemberg and Woodford 1995), the factor absorbed is a more general inefficiency wedge. 
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where via the Berndt-Fuss theorem, capital utilization  (rather than ) exhausts capital income.  

Therefore we can write, 

                                                

which after substituting from (5) and (6) gives, 

                                          . 

Solving for  yields 

(7)                                 
                                                     ⁄⁄     . 

which suggests the relationship between the ex post and ex ante rate of return for an industry or 

sector is an indicator of its capital utilization.   

Equation (7) can be used to calculate an indicator of the utilization the publicly available voice 

and data network capital (communications capital type 1).  Utilization of dedicated business 

networks (communications capital type 2) cannot be so readily isolated because its use is spread 

across industries and its marginal productivity therefore not separable from other assets and 

industry-specific factors (see Hulten 2009 for a discussion of these issues). 

The rate of capital utilization in the broadcasting and telecommunications subsector (1997 

NAICS 513) as implied by (4) is shown in figure 6.  More precisely, two alternatives for  

are shown.  The first is the ex post rate for the industry (the red line) relative to its 1987-2007 

average; the second is the difference between the ex post rate for the industry and the expected 

return on corporate equity (from the FRB/US econometric model; see Brayton et al. 1997), 

scaled to the mean of the ex post rate for charting so that the alternatives may be compared.  The 

alternatives are very similar at the beginning and end periods shown in the chart, but they differ 

between 1993 and 2002; for part of this period (until 2000), the industry apparently garnered 

above-average rates of return. 
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4C. Measuring capital productivity in communications 

The distinction between (1) publicly available networks and (2) dedicated business networks is 

based on who owns the capital and earns returns from its ownership.  Suppose communication 

worked as it did before networks were created, i.e., any party wishing to communicate or share 

information with another would need to invest in the means necessary to do so.  Then the rental 

value of those investments would be equivalent to the payments customers would be willing to 

pay for the provision of those services by an outside party.  This forms the basis for viewing the 

output of network services providers as “consumer” services from type (1) communication 

capital. 

That output and productivity of network providers is central to what we are doing is more or less 

obvious, but these quantities only reflect outcomes of marketed services of communication 

capital.  A full accounting needs to include services provided by the dedicated networks in 

general business, that is, the services of communication capital type (2).  As emphasized in the 

cross-county comparative work of Len Waverman, communication activity running through 

business networks that attach to the Internet or telecommunications backbone is an indicator of 

an economy’s efficiency, especially in B2B activity.24  To obtain a measure of business self-

produced communication services, the rental value of communication capital owned by the 

business sector (excluding the network providers) from a sources-of-growth accounting is used.  

For now, the real growth of capital is used as an indicator of both output and capital input, and 

capital is assumed to have a constant share (.4) in the value of total services provided.  Although 

this procedure is imperfect, the inclusion of self-produced services is vital for obtaining a 

complete picture of the extent to which advanced network technology has diffused through the 

wider economy.   

Capital productivity for the broadcasting and telecommunications (Telco/TV) industry is 

calculated from 1977 on, and for the combined the Telco/IV/ISP industry from 1987 on, creating 

a single industry for providers of network services.25  To calculate capital productivity for each, 

real sectoral output is used.  Sectoral output is gross output excluding intra-industry shipments; 

                                                      
24 See the “connectivity scorecard” at http://www.connectivityscorecard.org/ 
25 Most of data other than the estimates of communication capital introduced in the previous section come from 
BEA’s industry accounts.  
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such measures are obtained from input-output relationships.  Removing these shipments is 

important because they loom large in the telecommunications industry—ranging from 27 to 42 

percent of gross revenue between 1977 and 2007; without removing them, the relationships we 

are seeking to uncover would be distorted.26 

Figure 7 shows three capital productivities.  The first is for the Telco/TV industry (the red line in 

the chart); the second is for the combined industry, network services providers (the blue line); 

and the third adds in the self-produced services of general business (the green line).  The first 

point to take away from this chart is that capital productivity for providers shows the expected 

pattern, i.e., capital productivity trends down from about 1995 to 2002 as networks were built 

out, and then it rises with the increase in capacity utilization.  From the early 1990s to 2000/1 

(years with approximately equal rates of capital utilization, depending on which measure in 

figure 6 is used), capital productivity of providers fell.  This result suggests that the provider 

industry may have been seizing benefits from the rapidly expanding customer base during the 

latter part of the period—a result foreshadowed by the “excess” returns illustrated in figure 6.   

Another take away from figure 7 is that the year 2002 marked a sharp turnaround in productivity 

of the providers—consistent with the assessments in section 1 about all that was going in this 

period.  Furthermore, the trajectory of provider productivity still looks to be upward.  Between 

1990 and 2007, multifactor productivity growth for marketed communication services has been 

sufficient, on balance, to have just offset the effect of rapid capital deepening on capital 

productivity.  (Again this is looking at two points with approximately equal rates of capital 

utilization.) 

When the rental payments of self-producers are considered, the total productivity of 

communication capital fluctuates frequently, but the very large swing from 2002 to 2004 still 

stands out.  One of the most interesting features of this metric is that it illustrates the relative 

importance of network activity within business in the 1990s – when this feature of overall 

communications is considered, network capital productivity increases from 1990 to 1994 and 

again from 2000/1 to 2007 – underscoring that the late 1990s were a period of build out. 

                                                      
26 Appendix table A5 gives a sense of the relative magnitudes involved. 



19 
 

All told, this analysis of capital productivity in communications suggests (1) general business 

was early to seize the benefits of connectivity made possible by local area networks and the 

Internet,27 offsetting the downtrend in capital productivity among providers in the 1990s and 

opening scope for the presence of network externalities consistent with the Brynjolfsson and 

Kremerer (1996) and Mun and Nadiri (2002) studies mentioned earlier; (2) the late 1990s was a 

period of network build out, suggesting the productivity gains of the period were all the more 

remarkable; and (3) the rise in capital productivity in the 2000s, mainly among providers through 

sharply increased utilization of a still expanding public network, created much scope for scale 

effects via equation (4) and examples given in Brynjolfsson (2009).   

The next section attempts to provide evidence showing that network externalities played an 

important role in the post-2000 productivity performance of the U.S. economy.  But before we 

leave the subject of network services providers, we consider their take up of new technologies.  

As suggested by the discussion in section 1 and tables at the end of section 2, the post-2000 

turnaround in MFP growth for providers was substantial.  The contribution of the combined 

Telco/TV/ISPs industries to the average growth of aggregate productivity (nonfarm business) 

from 2000 to 2007 is estimated to have been 0.234 percentage points, or 16 percent of total MFP 

growth.28 

4. Network effects and aggregate productivity 

As the productivity data on the early 2000s unfolded to reveal continued robust results for MFP 

growth, a striking number of studies and commentary considered whether organizational capital 

may be playing a role.  Organizational capital is grounded in the firm-level research of 

Brynjolfsson and Hitt (2000, 2003) and others who showed that certain co-investments are an 

important determinant of the effectiveness of investments in computer hardware and software. 

                                                      
27 The early 1990s were a fertile period for commercialization of technology and innovation in communication.  As 
previously indicated, the NSF completed the commercialization of the Internet by 1992, after creating the first high-
speed backbone in 1987 (a T1 line). IBM, MCI, and Merit worked with the NSF on this and developed a faster 
backbone (a T3 line) the following year. The World Wide Web protocol emerged in the early 1990s, with the 
invention of the URL and html.  At this point Internet use was confined to sophisticated users but the invention of 
browser software (in 1993 with Mosaic, followed by the Netscape IPO in August of the following year) changed that 
and the demand for Internet access began to take off.  See links at 
http://www.kellogg.northwestern.edu/faculty/greenstein/images/Internethistoryproject.html 
28 Calculated using estimates of MFP with “corrected” communication capital as shown in appendix table A3. 
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 The U.S. macro productivity analysis caught onto these findings in at least two ways, one of 

which centered on the role of intangible capital (e.g., Corrado, Hulten, and Sichel 2005, 2009), 

and the other on formulating the “it takes a while” hypothesis.  If it takes a while to implement 

the needed organizational investments or if it just takes a while for employees to learn and take 

full advantage of software designed to improve business processes and operations as found by 

Aral, Brynjolfsson, and Wu (2006), the lag in reaping the full benefits of the ICT spending spree 

of the late 1990s is a possible explanation of the robustness of productivity growth in the early 

2000s.29   

If the lags in the “it takes a while” hypothesis are associated with a rise in the utilization of ICT 

capital for networking and Internet applications, this explanation could also be construed as 

argument for network effects.  Because much of the direct impact of the rise in utilization on the 

marginal productivity of communication capital is accounted for in the usual productivity 

statistics (as per the discussion in the previous section), the network effects we are talking about 

are primarily the externalities due to scale and innovative adaptations. 

With the paucity of data on organizational capital, Corrado et al. (2007) followed the “it takes a 

while” lead and hypothesized that if some of the productivity gains in the 2000s were a lagged 

realization of the large run-up in ICT investment in earlier years, we would see a pattern in 

which MFP growth for industries that invested especially heavily in the late 1990s accelerates 

more strongly than MFP for industries whose ICT investments were not especially strong. They 

tested this hypothesis using a database grounded in the Domar-Hulten productivity framework 

and developed using industry-level data from BEA and BLS.  Industries in their “high-tech” 

sector30 were excluded from the analysis, which left productivities for 56 (mostly three-digit 

NAICS) industries available for testing. 

Table 7, regression #1, reports an updated version of their results using data through 2005 (the 

original results used data through 2004).  As may be seen, the relationship is statistically 

significant and suggests the productivity-enhancing effects of the installed ICT capital base as of 
                                                      
29 Basu et al., 2003 and Gordon 2004 were among the earliest to consider this as one of the possible explanations of 
what was going on in the early 2000s.  
30 The Corrado et al. (2007) high-tech sector includes high-tech manufacturing (NAICS 334), software publishing 
(NAICS 5112), telecommunications and broadcasting (NAICS 513), and other computing and software services 
(NAICS 514 and 5415).  This is similar to the group found in the BEA’s industry accounts, with the exception that 
telecommunications and broadcasting is not included the BEA high-tech sector. 
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2000—above and beyond the usual attribution in growth accounting—was indeed part of the 

story of the rapid growth U.S. economic growth from 2000 to 2005.31 

Like the microdata-based research on the impact of IT associated with Brynjolfsson, the 

industrial innovation literature associated with Shane Greenstein and others (e.g., Bresnahan and 

Greenstein 1999, Greenstein 2000, and Forman 2005) offers highly nuanced views of the “IT 

revolution.”  An important aspect of this work suggests it was the commercialization of the 

Internet and the possibilities it created for new forms of competitive advantage that brought 

about the (complementary) surge in hardware and software spending of the 1990s.  If this view is 

correct, the network effects of Internet engagement (again, over and beyond the growth 

contribution of the installed capital base) may have been the source of the strong U.S. 

productivity in the early 2000s.  In particular, we might expect to see a pattern in which MFP 

growth in industries with high adoption rates of advanced Internet technologies by 2000 

accelerate more strongly thereafter than MFP growth in industries with greater “distances” from 

these technologies.   

An industry-level (three-digit NAICS) measure of adoption of advanced Internet technologies, 

called Internet enhancement, is provided by Forman, Goldfarb and Greenstein (2003a, hereafter 

FGGa).32  They also provide a measure of more basic Internet engagement (email, browsing), 

which they call Internet participation.  Regressions similar to the one conducted in Corrado et al. 

2007 were run using the industry measures in FGGa (tables 2 and 3). 

Regression #2 in table 7 shows the results for the regression using Internet enhancement.  As 

may be seen, a higher rate of adoption of advanced Internet technologies as of year-end 2000 had 

a positive and statistically significant association with the acceleration of industry productivity 

during the subsequent five years.  Inclusion of some high-tech services industries would have 

strengthened this result (they did well in terms of productivity in the 2000s and had high 
                                                      
31 Using a broadly similar approach, Basu and Fernald (2007) used a slightly different formulation of the hypothesis 
and also found it explained a portion of the cross-industry variation in the acceleration of MFP after 2000.  Oliner, 
Sichel, and Stiroh (2007) also considered the issue, but they looked at differences in the acceleration of labor 
productivity, not MFP, across industries and reached a different conclusion. 
32 Based on surveys of a commercial market research firm (Harte Hanks Market Intelligence), FGGa created an 
industrial census of the dispersion of Internet technologies to commercial establishments in the United States.  They 
were able to distinguish among establishments who used the Internet because it was necessary for business (e.g., 
email and browsing) versus those who adopted Internet technology to enhance competitive advantage (e.g., to 
change internal operations or implement new services).  They called the former Internet participation and the latter 
Internet enhancement.  Each measure pertains to year-end 2000. 



22 
 

adoption rates of advanced Internet technologies by 2000), but the point of exercise is to try to 

detect if there were “above and beyond” productivity-enhancing effects of ICT diffusing through 

the wider economy, and the regression’s results seem to suggest this was indeed going on.  

Furthermore, FGGa’s measure of Internet participation was insignificant (not shown), suggesting 

mere Internet access was not a sufficient condition for creating competitive advantage, another 

implication of FGG (2003a, 2003b). 

The Internet “closeness” and “it takes a while” variables are similar in that both are about what it 

takes to fully exploit services from ICT capital.  But there are also distinctions.  The size of the 

installed base of capital apparently played a role in shaping business’ early decisions to invest in 

the Internet (Forman 2005); so in a relative sense, the early adopters of advanced Internet 

technologies may have been less associated with the IT spending spree of the late 1990s than 

other participants.  Indeed, the correlation between the two variables is very low (-.024 to be 

exact) and presages the result shown as regression #3 in the table.  When both “it takes a while” 

and Internet “closeness” are included in a regression explaining differences in the rate of 

acceleration in industry-level productivity in the early 2000s, both variables are significant and 

together explain about one-third of the variance.33 

These results suggest many crosscurrents associated with communication and information 

technologies shaped the performance of the nonfarm U.S. economy from 2000 to 2005 (or more 

precisely, its non high-tech business sector, about 90 percent of all nonfarm business in Domar 

weight terms).  The “it takes a while” effect occurred as utilization of public networks was rising 

(as per preceding section), consistent with network externalities being a key part of the ICT 

productivity story.34   

The statistical significance of the Internet “closeness” effect also suggests that network effects 

contributed to U.S. MFP growth in the early 2000s—and as users of networks and network 

capacities continue to grow, such effects can continue under a wide range of conditions. As 

suggested earlier, one of these conditions is that the capacities of networks must expand at least 
                                                      
33 These findings seem to be quite robust but formal tests of robustness have yet to be conducted. 
34 The “it takes a while” result could also be read as adding to the mounting evidence attributing an important role to 
organizational capital in productivity analysis.  Although alternative interpretations of the “it takes a while” effect 
are plausible, few would argue that the ability to analyze developments in productivity and monitor the effectiveness 
of ICT capital would be greatly improved if data on actual firm investments in organizational capital were to be 
collected by statistical agencies and capitalized as in Corrado, Hulten, and Sichel (2009).  
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as fast as the traffic on them, perhaps a challenge for wireless networks in the years to come.  

This potential is important to bear in mind because the specific result in table 7—based on one 

GPT dispersion measure in one year—is not offered as an enduring effect per se.  Rather, it is 

meant to show that network technologies have the potential to create scale effects (Metcalfe’s 

Law again) that by definition lies beyond capture in conventional measures of capital. 

As to the size of these effects, and considering those due to scale alone, the sharp increase in the 

provider utilization indicators suggests they indeed may have been very large in the early 2000s.  

From 2000 to 2007 (that is, from one business cycle peak to another), the utilization proxy based 

upon the financial ex ante rate increased at an annual rate of 2.7 percent.  If this take up rate also 

applies to networked capital in business, and if its proportionate effects are fully accounted for in 

capital’s contribution to growth, the contribution of network effects to the change in aggregate 

productivity growth is given by: 

(8)                           ∆ ln   

where  represents the scale/Metcalfe elasticity for the non-ICT goods and services producing 

sector of the economy (over and above the proportionate effect already included in capital’s 

contribution) and λ the sector’s Domar weight in overall aggregate productivity (about .9).  Then 

substituting an exceedingly modest value for the elasticity, .20, into (8) suggests the contribution 

of network effects to productivity growth has been very large indeed—0.468 percentage points 

annually from 2000 to 2007, or 32 percent of overall MFP growth. 

5. Conclusion 

The Internet and mobile telephony are two of the 20th century’s greatest developments yet are 

stepchildren in discussions to date on the role of information technology in the productivity 

acceleration in the United States.  With the price indexes newly introduced in this paper, there’s 

little room to echo Solow’s famous quip on the capital side, as quality-adjusted measures for 

equipment and systems that make these forms of communication happen are used in this paper.   

Internet technology is not a single identifiable invention, but rather is a suite communications 

technologies, protocols, and standards for networking computers (Greenstein 2000, p. 391).  It 

will always be hard to “see” how these evolve, except perhaps by the innovations they foster. 

Wireless technology, too, is certain to become better understood as more and more commercial 
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applications migrate to the mobile arena.  One of the contributions of this paper is that it helps to 

explain why advances in technology are not necessarily well summarized by prices for 

computers and semiconductors.  Taking cues from the industrial innovation literature, this paper 

attributes a good deal of the boom in real ICT investments in the second half of the 1990s to the 

demand for networked computers—a demand derived from their possibilities for competitive 

advantage that was in turn created by the emergence of the Internet in more or less its current 

form by 1994.  

That the period from 1997 to 2001 enjoyed gains in productivity despite the drag from the rapid 

build-out of business and public communication networks of the time is all the more remarkable.  

Many micro-productivity studies demonstrate that the benefits to ICT capital and Internet use for 

the enhancement of business processes are substantial, however.  This paper contributes 

modestly to that literature in that, after accounting for the contribution of ICT capital in the usual 

way, the installed base of technology in the year 2000 was found to have had an impact on 

productivity in subsequent years consistent with more intensive and productive use of those 

existing stocks. 

This paper also argued that looking at the productivity and utilization of communication capital 

aids understanding how the spread of high-speed networking may have profoundly shaped the 

modern productivity performance of the United States.  We reviewed the crosscurrents in 

capacity and capacity utilization for providers of services on publicly available networks in the 

early 2000s to understand what was occurring at that level.  For wireless networks, the rapid 

technological advances and expansion of capacity beginning about 2003 was associated with 

innovative adaptations in due course (e.g., the iPhone), and as a result, the demand for wireless 

services was at least as, if not more, vigorous than the expansion of capacity.  For wired high-

speed networks, there were gainers (cable) and losers (DSL), but no matter how the story is told, 

companies in this sphere of competition were left with much unused capacity by 2002.  

Accordingly, the sharp rise in capacity utilization from 2002 to 2004 is interpreted as a gain in 

the use of high-speed data networks and the Internet, consistent with network externalities and 

contributing to the productivity gains of the time. 

This paper views the 2000s productivity episode as more or less a case study for a more general 

view of the role of communication capital in productivity performance.  That the communication 
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and information infrastructure creates spillovers and scale effects is a theme in a wide range of 

micro-based literatures, and this paper finds these phenomena equally relevant to the 

macroeconomic analysis of ICT capital and productivity. 
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Table 1.  Prices for selected high-tech products, annual percent change 

  1983 to 19951 

(1) 
1995 to 2000 

(2) 
2000 to 2007 

(3) 
2007 to 2009 

(4) 

      
1. PCs -16.4 -30.6 -18.8 -14.2 
2. Servers2 -14.6 -25.8 -17.1   -9.2 
3. MPUs -32.1 -63.9 -40.0 -21.8 
4.  DRAM -24.3 -47.6 -38.1 -40.5 
      
5. Data networking equipment -11.9 -16.7 -16.9 -15.3 
6. Wireless systems3 -14.1 -15.7 -12.2 -15.2 
7. Cell phones4 -21.9 -18.0 -15.1 -14.0 
      
Sources: Lines 1 and 2—BEA.  Lines 3, 4, and 8—column 1, Grimm (1998); columns 2, 3, and 4, Federal Reserve 
industrial production database.  Lines 5, 6, and 7—Byrne and Corrado (2009). 
1. Calculated from start date of series if later than 1983.  MPUs (1985), wireless systems (1984), networking 
equipment (1986), and flash memory (1988) have start dates after 1983. 
2. Computers excluding PCs. 
3. Byrne and Corrado spending index for cellular, satellite, and other radio wave systems from 1987 on; cellular 
systems production index from 1984 to 1987.  
4. Cell phones are a component of wireless systems shown on line 6. 
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Table 2.  ICT indicators, annual percent change or penetration rate 

ANNUAL PERCENT CHANGE 
1980-1985 

(1) 
1985-1995 

(2) 
1995-2000 

(3) 
2000-2005 

(4) 
2005-2008 

(5) 

1. Computers/PCs-in-use1 48.3 15.0 15.9 5.4 4.7 
2. Mobile wireless connections -- 58.4 26.5 13.7 9.1 

High-speed Internet access:      

3. Fixed lines -- -- 115.52 46.6 17.2 
4.     Wireline except fiber/FTTP -- -- -- 46.7 15.8 
5.     Satellite, other fixed wireless -- -- -- 43.5 27.7 
6.     FTTP3 -- -- -- -- 113.0 
7. Mobile wireless connections -- -- -- -- 177.3 

PENETRATION RATE  
(PER 100 PERSONS) 

1985 
(6) 

1995 
(7) 

2000 
(8) 

2005 
(9) 

2008 
(10) 

8. Computers/PCs in use 9.3 31.5 62.4 77.5 86.4 
9. Mobile wireless connections .1 12.6 38.6 70.0 88.4 
High-speed Internet access:      
10. Fixed lines, per 100 households -- -- 6.6 41.9 65.7 
11. Mobile wireless connections -- -- -- -- 8.2 

Sources—Line 1, Computer Industry Almanac and ITU database; line 2—CTIA; lines 3 through 7—FCC and author 
estimates; line 8 through line 11 use year-end figures for population and household counts developed from data 
issued by the Census Bureau. 
1. Column 1, 2 and 6 based on computers in-use; all others are PCs in use.  PCs include laptops. 
2. Calculated from 1998. 
3. Fiber-to-the-premises.  First year for figures is 2005. 
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Table 3.  Prices for communication equipment and ICT investment, annual percent change1 

  1983 to 1995 

(1) 
1995 to 2000 

(2) 
2000 to 2007 

(3) 
2007 to 2009 

(4) 

1. Communication equipment -2.8 -10.1 -9.1 -10.0 
  Alternative less published -2.8 -6.3 -5.6 -9.2 

2.    Share in ICT investment .35 .30 .24 .22 

3. Total ICT investment -6.3 -10.5 -5.5 -4.2 
  Alternative less published 

 
-.9 -1.9 -1.4 -2.1 

  
1948 to 2007 

(5) 
1948 to 1973 

(6) 
1973 to 1995 

(7) 
1995 to 2007 

(8) 

4. Communication equipment -4.1 -4.5 -.6 -9.6 
 Alternative less published -4.8 -6.0 -2.8 -5.9 

5.    Share in ICT investment .55 .80 .42 .26 

6. Total ICT investment -6.1 -6.5 -4.9 -7.6 
 Alternative less published 

 
-2.9 -5.1 -1.2 -1.6 

Sources: BEA, Byrne and Corrado (2009), and Appendix to this paper. 
1. Annual rate calculated from log differences. 
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[insert table 5a here] 

  

Table 4.  Real communication equipment and ICT investment , annual percent change1 

  1983 to 1995 

(1) 
1995 to 2000 

(2) 
2000 to 2007 

(3) 
2007 to 2009 

(4) 

1. Communication equipment 9.1 23.4 5.6 6.0 

2. Total ICT investment 15.2 24.5 6.2 1.4 

3.     Share in nonresidential GPFI2 .21 .29 .29 .28 

4. 
Memo:  
Communication  structures   1.5 9.1 0.3 -17.4 

  
1948 to 2007 

(5) 
1948 to 1973 

(6) 
1973 to 1995 

(7) 
1995 to 2007 

(8) 

5. Communication equipment 12.4 14.1 10.0 13.0 

6. Total ICT investment 16.9 18.6 16.8 13.8 

7. Share in nonresidential GPFI2 .15 .06 .17 .29 

8. 
Memo:  
Communication  structures   2.9 3.9 1.1 4.0 

Sources: BEA, Byrne and Corrado (2009), and Appendix to this paper. 
1. Annual rate calculated from log differences. 
2. Gross private fixed investment. 
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5.  Real Inputs, Output, and Productivity Growth in Broadcasting and Telecommunications Services 
(annual rate of change)1 

Results based on published  
data 

1977 to 
2007 

(1) 

1977 to 
1984 

(2) 

1984 to 
1995 

(3) 

1995 to 
2007 

(4) 

Memos: 
1995 to 

2000 
(5) 

2000 to 
2007 

(6) 

Inputs 
      

1.    Employment2 0.9 1.8 -.3 1.3 4.7 -1.1 

2.    Capital services 5.3 6.1 4.5 5.5 9.3 2.8 

2a.   of which:  ITC capital 6.9 6.8 5.3 8.3 14.8 3.6 

3.    Intermediate inputs 8.0 9.2 4.4 10.7 17.6 5.8 

3a.   of which: Purchased3 6.9 6.3 4.3 8.3 13.6 4.6 

Output decompositions 
      

4.    Value added (VA) 5.8 5.7 4.9 6.8 8.0 5.9 

5.    Value added per worker 5.0 3.9 5.2 5.4 3.3 7.0 

    contribution to VA per worker 

of: 
      

6.          Capital per worker 2.4 1.9 2.6 2.4 2.6 2.2 

6a.        of which:  ITC capital4 1.7 1.5 1.3 2.1 2.4 1.9 

7.          Multifactor productivity 2.6 2.0 2.6 3.0 0.6 4.8 

8.   Sectoral output (SO) 6.1 5.8 4.8 7.3 10.0 5.4 

9.   Sectoral output per worker 5.2 4.0 5.1 6.0 5.3 6.5 

   contribution to SO per worker of:       

10.        Capital per worker 1.7 1.5 1.9 1.6 1.8 1.4 

10a.      of which:  ITC capital4 1.2 1.0 1.1 1.3 2.0 0.9 

11.        Purchased inputs4 1.8 1.1 1.3 2.6 3.0 2.3 

12.        Multifactor productivity 1.8 1.5 1.9 1.8 0.6 2.8 

Source: Author calculations based on data from BEA’s industry, fixed assets, and input-output accounts.  BLS data 
on land and inventory capital are included in capital services.  
1. Calculated using log differences. 
2. Persons engaged in production.    
3. From other industries. 
4. Per worker basis. 



 34 

  

 
6.  Alternative Inputs and Productivity Growth in Broadcasting and Telecommunications Services 
(percentage points per year)1 

Difference from sectoral 
output results based on 
published data, selected terms 

1977 to 
2007 

(1) 

1977 to 
1984 

(2) 

1984 to 
1995 

(3) 

1995 to 
2007 

(4) 

Memos: 
1995 to 

2000 
(5) 

2000 to 
2007 

(6) 

Alternative deflator for 
communication equipment       

1.    Capital services 1.4 1.3 1.0 1.7 1.8 1.7 

1a.   of which:  ITC capital 2.8 2.2 2.3 3.7 4.0 3.5 

contribution to growth in sectoral 
output per hour of: 

      

2.     Capital per worker .5 .4 .4 .6 .7 .6 

3.     Multifactor productivity -.5 -.4 -.4 -.6 -.7 -.6 

Capitalization of spectrum 
purchases2 

 
 

     

4.    Capital services .1 .0 .0 .2 .4 .1 

contribution to growth in sectoral 
output per hour of: 

      

5.     Capital per worker .0 .0 .0 .1 .2 .0 

6.     Multifactor productivity .0 .0 .0 -.1 -.2 .0 

Memo:  Combined results/new 

baseline 

contribution to growth in sectoral 

output per hour of: 

8.  Capital per worker 

 

2.2 1.9 2.4 2.3 2.7 2.0 

9.  MFP, annual percent change 1.2 1.0 1.4 1.1 -.3 2.1 

10. MFP, difference from results 

based on published data, 

percentage points 

-.6 -.4 -.4 -.7 -.9 -.6 

Source:  Author calculations.  Alternative deflator for communication equipment capital is shown in table A1.  
Baseline results for sectoral output are shown in lines 8-12 of table A7. 
1. Calculated using log differences. 
2. Assumes outlays not currently included in purchased inputs. 
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Table 7.  Regressions explaining the acceleration in industry multifactor productivity from  
1990-2000 to 2000-2005 

 
Regression #1 Regression #2 Regression #3 

Independent variables: 
Coefficient 
(t-statistic) 

Coefficient 
(t-statistic) 

Coefficient 
(t-statistic) 

Relative strength of ICT 
investment in the late 1990s1 

.0844 
(4.174) 

 .0858 
(4.536) 

Internet enhancement 2  .1185 
(2.453) 

.1230 
(2.970) 

 Adj. R2 = .223 Adj. R2 = .084 Adj. R2 = .327 
Note--Excludes high-tech industries in manufacturing and services (56 observations).   
The acceleration in MFP is the percent change in MFP between 2000 and 2005 (annual rate) minus the 
percent change between 1995 and 2000 (annual rate) from the industry productivity database used in 
Corrado et al. (2007).  Both regressions include a constant term in addition to the variables shown.  
1. Annual percent change in ICT investment during 1995-2000 (deviation from historical average). 
2. The adoption rate of Internet technology for the enhancement of business processes as of the end of 
2000 as reported in table 3 of Forman, Goldfarb, and Greenstein (2003a).   
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Figure 1. Official and Byrne-Corrado Price Indexes for 
Communication Equipment Investment

(annual percent change)

Official (BEA) Byrne/Corrado

SOURCES .  The Byrne-Corrado index is based on the Byrne-Corrado input price indexes for communications 
equipment from 1963 on, the Flamm/Gordon index for earlier periods, and BEA prices for search, 
detection, and navigation systems weighted according to the commoditycomposition of private 
communication equipment investment as reported in BEA  benchmark input-output tables.
NOTE. Series plotted are 3-term moving averages of annual percent changes.  Last point plotted is 2008.
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Table A1. Byrne-Corrado Prices for Communications Equipment, annual percent change 

  

1963 to 
2009 

1963 to 
1985 

1985 to 
2009 

1985 to 
1995 

1995 to 
2000 

2000 to 
2005 

2005 to 
2009 

 1. Production price index -4.5 0.2 -8.5 -5.8 -11.1 -11.7 -7.9 
 2. Spending price index* 

  
-8.7 -5.4 -10.6 -11.9 -8.4 

Production price index components:        
 3. Wireline -5.4 0.1 -10.2 -6.3 -12.5 -18.1 -6.0 
 4.    Switching -6.8 -1.2 -11.7 -6.7 -15.0 -20.8 -7.4 
 5.       Data networking1 -- -- -14.8 -11.5 -16.7 -21.6 -9.8 
 6.    Transmission -3.0 0.7 -6.2 -4.0 -7.9 -9.0 -6.0 
 7.    Terminal -4.3 1.3 -9.2 -7.2 -9.2 -16.3 -4.5 

 8. Wireless-production price  index -5.9 0.6 -11.5 -9.6 -14.7 -10.7 -13.3 
8a. Wireless-spending price index -- -- -12.5 -11.2 -14.1 -13.3 -12.3 
 9.    Satellite systems -13.6 -13.4 -13.7 -14.2 -16.2 -9.6 -14.5 
10.     Cellular systems -- -- -18.0 -21.2 -18.1 -14.2 -14.4 
11.         Cell phones -- -- -19.0 -23.1 -18.0 -17.7 -11.2 
12.     Other radio wave 1.3 1.9 0.8 1.9 -0.6 0.1 0.7 

13.  Broadcast/other 2.1 3.7 0.6 1.4 -0.2 0.1 0.4 
Memos:  BEA investment prices        
14.    Communication equipment 0.8 4.0 -2.1 -0.5 -3.7 -4.7 -0.6 
15.    Computers and peripherals -15.3 -16.9 -13.9 -12.1 -21.5 -12.1 -10.5 
16.        PCs -- -- -20.5 -17.5 -30.6 -19.2 -16.0 
 Differences:2 

       17.    Line 14 less line 1 5.2 3.8 6.4 5.3 7.4 7.0 7.3 
18.    Line 15 less line 1 -10.9 -17.0 -5.3 -6.3 -10.4 -0.4 -2.6 
19.    Line 16 less average of 5 and 11  -- -- -3.6 -0.2 -13.3 0.5 -5.6 
Source: Update to Byrne and Corrado (2009).  
1. The figures in third and fourth columns are calculated from 1987. 
2. Percentage points.         
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Table A2.  Alternative Deflators for Sources of Growth Analysis (2005=100). 

Year 

Commun. 
Equipment 
Investment 

ICT 
 Investment 

Nonfarm 
Business 

Output Year 

Commun. 
Equipment 
Investment 

ICT  
 Investment 

Nonfarm 
Business 
Output 

1948 925.266 3370.076 16.822 1979 354.056 565.258 47.829 
1949 867.198 3158.575 16.946 1980 349.764 528.532 52.405 
1950 813.108 2961.564 17.131 1981 368.487 526.737 57.412 

1951 762.739 2778.108 18.245 1982 391.575 527.131 60.951 

1952 687.280 2503.267 18.609 1983 362.530 479.103 62.845 

1953 618.610 2253.151 18.963 1984 386.762 454.467 64.659 

1954 558.723 2035.025 19.125 1985 403.418 433.796 66.527 

1955 550.938 2006.671 19.468 1986 396.425 405.098 67.636 
1956 537.747 1958.623 20.148 1987 373.703 374.069 69.229 
1957 505.604 1841.550 20.783 1988 361.117 359.071 71.310 
1958 431.457 1571.488 21.067 1989 349.805 341.622 73.866 
1959 392.332 1428.982 21.326 1990 337.530 323.356 76.544 
1960 374.735 1353.165 21.567 1991 324.342 308.939 79.181 

1961 389.108 1363.735 21.748 1992 315.539 282.712 80.733 

1962 378.826 1289.432 21.953 1993 304.331 265.688 82.320 

1963 372.007 1195.268 22.099 1994 298.744 250.961 83.796 

1964 377.699 1167.689 22.387 1995 277.950 231.638 85.247 

1965 319.593 1000.501 22.666 1996 259.727 206.083 86.378 
1966 294.948 870.878 23.168 1997 238.175 183.088 87.901 
1967 275.132 791.165 23.895 1998 211.503 159.870 88.507 
1968 270.198 752.419 24.826 1999 188.508 144.897 89.319 
1969 268.229 732.298 25.935 2000 171.284 137.878 91.005 
1970 276.507 728.305 27.081 2001 147.820 126.476 92.427 

1971 289.681 697.803 28.248 2002 128.452 116.949 93.191 

1972 299.782 670.750 29.143 2003 114.155 109.481 94.373 

1973 300.177 664.936 30.168 2004 103.175 103.768 96.605 

1974 307.998 648.504 33.271 2005 100.000 100.000 100.000 

1975 318.121 655.443 36.824 2006 96.189 97.039 103.010 
1976 330.001 643.727 38.851 2007 91.426 93.990 105.391 
1977 337.904 633.572 41.323 2008 83.777 90.714 106.971 
1978 339.495 576.266 44.076 2009 73.863 86.190 108.294 

Sources:  Byrne-Corrado (2009) input price indexes (see table A1) and smoothed version of Flamm’s index 
as reported in Gordon (1990) from 1948 to 1962.  All other data are from BEA. 
Note.  ICT = Computer and peripheral equipment, software, and communication equipment.  
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Table A3. Sources of Growth in Output per Hour, Nonfarm Business Sector (annual percent change for period shown)1 

Using Alternative Deflators 1948 to 
2007 

(1) 

1948 to 
1973 

(2) 

1973 to 
1995 

(3) 

 
1995 to 

2000 
(6) 

 
2000 to 

2007 
(7) 

Memo #1: 
1984 to 

1995 
(5) 

1995 to 
2007 

(4) 

Memo #2: 
2004 to 

2008 
(8) 

1. Output per hour 2.34 2.93 1.45 2.78 2.67 1.59 2.72 1.53 

    contribution of:         

2. Capital deepening .85 .91 .71 1.04 .97 .56       1.00         .77 

   a. ICT capital .37 .18 .42 .86 .52 .45 .67 .43 

       (1) Equipment .29 .16 .33 .63 .37 .33 .48 .30 

             (a) Computer & peripheral .18 .07 .23 .43 .19 .24 .29 .16 

             (b) Communication .11 .09 .10 .20 .18 .09 .19 .14 

       (2) Software2 .08 .02 .09 .24 .15 .13 .19 .13 

   b. Other capital 3 .49 .73 .29 .18 .45 .11 .34 .35 

3. Labor composition .22 .16 .29 .22 .22 .40 .22 .21 

4. MFP 1.26 1.87 .45 1.52 1.48 .63 1.49 .55 

Source: Author calculations based on deflators shown in table A1, and data from BEA (output, income, fixed assets and inventories) and BLS 
(labor composition and land).   The capital estimates for fixed assets assume BEA’s depreciation models and do not disaggregate along industry 
lines. 
  1. Calculated from log differences.  Lines 2-4 are percentage points per year.  
  2. Own-account component includes some R&D activity. 
  3. Other equipment, nonresidential buildings, mineral exploration, tenant-occupied residential structures, land and inventories. 
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Table A4. Difference in Sources of Growth Estimates, Nonfarm Business Sector (percentage points per year for period shown)1 

Results using alternative deflators 
less baseline estimates 

1948 to 
2007 

(1) 

1948 to 
1973 

(2) 

1973 to 
1995 

(3) 

 
1995 to 

2000 
(4) 

 
2000 to 

2007 
(5) 

Memo #1: 
1985 to 

1995 
(6) 

1995 to 
2007 

(7) 

Memo #2: 
2004 to 

2008 
(8) 

1. Output per hour .03 .03 .03 .07 .04 .03 .05 .02 

    contribution of:         

2. Capital deepening  .04 .04 .03 .06 .08 .03 .07 .07 
        ITC capital, communication  
           equipment component 

.04 .04 .03 .06 .08 .03 .07 .07 

3. Labor composition -- -- -- -- -- -- -- -- 

4. MFP -.01 -.01 -.01 .01 -.04 .00 -.02 -.05 

Source: Author calculations.   BLS data are as of May 2009 and do not reflect BEA’s July 2009 comprehensive revision to output, income and 
fixed assets included here .   Line 1 reflects these revisions.  Lines 2 and 3 reflect differences due to methods and statistical revisions. 
  1. Calculated from changes in log differences.  Components may not sum to totals because of independent rounding. 
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Table A5.  Value of Production (gross output), Selected Information Sector Industries, 1987, 1997, and 2000 to 2007 (millions of dollars) 

 Name of Industry 1987 1997 2000 2001 2002 2003 2004 2005 2006 2007 

           
1. Broadcasting and 
       telecommunications  
       services 

     
197,628  

         
377,161  554,856 587,789 588,651 602,635 640,665 695,313 737,840 800,066 

2.      Broadcasting (radio & TV) 29,397 40,104 51,672 46,357 49,646 49,565 53,853 55,771 58,409 59,942 

3.      Cable networks 12,343 43,905 85,098 88,658 97,364 108,676 120,155 134,726 144,959 160,436 

4.      Telecommunications 155,888 293,152 418,086 452,774 441,641 444,394 466,657 504,816 534,472 579,688 

5.  Information and data 
       processing services 

       
16,047  

           
47,274  85,166 91,640 98,284 101,989 119,061 138,185 163,033 185,202 

6.      Information (incl. ISPs and 
             web search portals) -- -- 36,918 37,337 37,786 41,200 53,573 66,321 81,815 97,666 

7.      Data processing -- -- 48,248 54,303 60,498 60,789 65,488 71,864 81,218 87,536 

8.  Memo: Value of Private 
Nonfarm Business Output1 3,600.5 6,354.9 7,641.9 7,837.4 8,060.5 8,410.3 8,966.4 9,593.5 10,191.1 10,672.8 

Source:  BEA Industry Accounts as released December 2008.  Lines 1 and 5 correspond to BEA industries 513 and 514 (1997 NAICS).   
1.  Billions of dollars. 
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