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SPACE STATION COMMUNICATIONS USING INTERPLEX MODULATION 

By S. BUTMAN, J. LAFRIEDA and U. TIMOR 

Summary. - This paper describes a new PSK/PM modulation scheme, called 

interplex, which reduces cross-modulation loss. The scheme can be imple

mented without significant hardware changes in existing systems, and can 

be incorporated into the Space Station Telecommunications system. 

Introduction. - In conventional multi-channel PSK/PM telemetry several 

independent binary data channels are frequency multiplexed by biphase

modulated subcarriers, whic~ are then combined to phase-modulate a single 

RF carrier signal. Lindsey and Weber2 analyzed the performance of such 

systems, which depends on the power in the data sidebands as well as on the 

unmodulated component of the carrier. In addition to this useful po1-rer, 

the spectrum of the modulated RF signal contains cross-modulation compo

nents due to the inherent nonlinearity of the phase-modulation process. 

The power transmitted as cross-modulation represents a loss since it is 

not used in a conventional receiver. In particular, there are important 

cases in which more power is allocated to cross-modulation than to one or 

more of the data channels. Since the cross-modulation sidebands contain 

information about the data, this power could be used to improve the recep

tion (error rate) of the regular sidebands. However, this would require 

demultiplexing and detection of additional cross-modulation channels, thus 

increasing the complexity of the receiver. Other methods, like time

division-multiplex, eliminate this loss, but in doing so change the basic 

concept of the system. 

This paper describes a new PSK/PM modulation scheme, called interplex, 

which reduces the cross-modulation power loss 1-rithout affecting the basic 

structure of the conventional system. Thus, it can be easily incorporated 

into existing systems, and appears to be suitable for use in a multiple

channel Space Station Telecommunications system. 

Formulation. - The general form of the phase-modulated RF signal in a 

multi-channel PSK/PM system is 

z(t) = J2P sin Lw t + B(t)] 
c 

(1) 

where P is the total average power, w is the carrier frequency, and B(t) 

is the phase modulation. In conventi8nal PSK/PM systems B(t) is a linear 

combination of binary phase-shift-keyed sinewave or squarewave subcarriers. 

When system bandwidth is sufficiently large, the use of squarewave subcar

riers is preferred, since sinewave subcarriers produce more cross-modula

tion loss. This, of course, may not be possible in very high-data-rate 

links, such as the Manned Space Station (with data rates~ 100 megabits/s), 

where bandwidth becomes a factor. In both cases, however, the basic con

cepts are the same. We initially analyze in detail PSK/PM systems with 

squarewave subcarriers, and later present results for sinewave subcarriers. 

When a binary data stream d (t) = ±1 phase-shift-keys a unit amplitude 
n 

squarewave, sq(w t) = ±1, of frequency w the result is again a binary 
n n 
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s (t) = d (t)sq(w t) n n n 

and the phase modulation S(t) in a conventional system is 

N 

@(t) = E 
n=l 

e s ( t) 
n n 

(2) 

(3) 

where N is the number of channels, and the coefficients e1 , e2 , ... eN are the modulation angles or modulation indexes whose choice aetermines the 
power allocation for each channel, the power allocated to the RF carrier, and the power that goes into cross modulation. To see how this comes about we will first consider the relatively simple case involving only two 
channels. 

Two-Channel Conventional PSK/PM Systems. -When only two channels are involved the phase-modulated RF signal 

can be expanded trigonometrically into four terms 

Next, we observe that since s (t) = ±1, n 

sin [e s ( t)] 
n n s (t) sin e n n 

and 

Consequently, 

cos [e s ( t) J n n 
cos e 

n for n = 1, 2 

(4) 

(5) 

(6) 



z(t) [J2P s1 (t) + J2P s2(t)) cos w t 
c 

+ [ ~ - J2Pcm s1 (t)s2(t)) sin w t 
c 

(7) 

where 
2 2 

p == p sin el cos 62 is the power in channel 1 
1 

p2 p 2 
el 

. 2 
e2 is the in channel 2 cos s~n pOiver 

p p 2 
el 

2 
e2 is the power in the carrier cos cos 

c 
(8) 

and 

p p . 2 e . 2 e
2 

is the power in the cross modulation s~n 1 s~n em 

The cross-modulation in the case of a two-channel system with squarewave 
subcarriers is simply the product of the two phase-shift-keyed subcarrier 
waveforms s1 (t)s2(t). 

A block diagram of the receiver for this system is shown in Figure 1. 
The voltage-controlled oscillator is in a phase-locked-loop (PLL) arrange
ment which tracks the carrier component and produces the coherent reference 
signal cos (w t +¢),where¢ is typically a negligibly small phase error 
whose varianc~ due to noise is 

(9) 

where BL is the loop bandwidth and N is the one-sided spectral density of 
the noise. When z(t) is multiplied gy ~cos (w t +¢) and the result is 
filtered to remove frequencies above w the result is a base-band signal of 

c 
the form 

where n (t) is additive Gaussian white noise. 
y 

(10) 

The phase-locked loop is basically a low-pass filter of bandwidth BL' 
which rejects all but the low-frequency phase error term JP: sin ¢ in y( t) 
that is used to drive the phase error to zero. The data si~nals d (t) and 
d2(t) are recovered from y(t) by multiplying with locally generatea coher
ent subcarriers sq(w1t) and sq(w2t) and filtering or bit detecting. 



For a perfectly coherent system (¢ = 0) the efficiency, measured in 
terms of the fraction of total power converted to data power, of this sys
tem is 

(11) 

However, from (8) the total power is 

P=P+P
2

+P+P 1 c em (12) 

and again from (8) the cross-modulation power is 

(13) 

Thus, the total power required is determined solely by P1 , P2 , and Pc' 

(14) 

Thus, the total power needed increases when the carrier power is either 
too large or too small. The minimum occurs when P = P =JP1P = p*, 
which ?orresponds to choosing e1 + e2 = 90 deg. TWus, the minifuum t8tal 
power ~s 

(15) 

and the maximum efficiency is 

(16) 

1 - (17) 

where 

(18) 

is the ratio of power in channel 2 to the power in channel 1. If both 
channels employ the same, or equally efficient, coding schemes then a is 
also the ratio of data rates. However, in general, the lower-rate channel 
could be more efficiently coded than the high-rate link. 

Referring to equation (17) it is evident that the conventional PSK/PM 
two-channel system cannot be 100% efficient unless a = 0, which corre
sponds to having a single channel (P2 = o). For two equal channels, i.e., 



* P
2

A= P1 or ~ = l, P = P = P2 = P
1 

and the efficiency is at most only 
5Vfo· It is worthwhiTe tocobserve tnat in this type of a system the carri
er cannot be suppressed without at the same time suppressing one of the 
channels. Thus, power is wasted in two ways; one is in the transmission 
of unutilized cross modulation, the other is in the transmission of more 
than the required amount of unmodulated RF carrier power. Furthermore, 
since coherent systems outperform noncoherent systems only if P < P

1
, and 

since P = P?P1/P , it is clear that P ~ P2 . Thus, the cros~-modulation 
loss ex8Weds the p8wer in the second (ofmlower-rate) channel. 

The basic reason for the lack of efficiency is the fact that the receiver 
in the above system is not well matched to the incoming signal. The cross 
modulation, after all, also conveys information and could be used to recover 
the data. For instance, if we momentarily neglect the effects of noise and 
assume perfect coherence (0 = 0), then the cross-modulation term s1(t)s2(t) 
can be obtained by mixing the received signal z(t) with fl sin w t and 
filtering to yield c 

x(t) = -~ s1(t) s2
(t) + /P: 

em c 
(19) 

If this is multiplied by s1 (t) [previously obtained from y(t)] and appro
priately filtered, the resultant signal would be JP::: s

2
(t), which is 

additional power for channel 2. Alternatively, we c8~ld multiply by s?(t) 
and transfer the cross-modulation power into channel l. To minimize tne 
effects of multiplicative noise, the above operation should be performed 
after one or the other of the data streams has been detected. The main 
disadvantage is that interaction between the two data channels is required 
in the receiver, and this defeats the original purpose of having two inde
pendent channels. Also, the receiver is more complex. However, such a 
scheme can recover essentially all of the losses and has been analyzed in 
Reference 3. A better way is the method described next. 

Two-Channel Interplex. - In the preceding section it was mentioned that 
the binary signal s2 (t) could be recovered from the cross-modulation terms 
s (t) 2 s1 (t)s2(t) simply by multiplying the cross modulation by s

1
(t) to 

yiWld s1(t)s (tJ = s2(t). The main idea of interplex is that this Opera
tion need no!€ be done with noise-contaminated signals in the receiver. 
Instead, it can be accomplished in the transmitter by sending s (t) = 
s1 (t)s (t) instead of s (t). Thus, the interplex modulation scfiWme is 

2 2 

(20) 

and 

becomes 



(21) 

However, 

s
1

( t) s ( t) em (22) 

Therefore, 

z(t) = [~ s1 (t) + vf2Pcm scm(t)] cos U.i t 
c 

+ [ J2P;- yf2P2 s2 (t)] sin m t 
c (23) 

where now 

p . 2 
el 

2 
e2 pl s1n cos 

p2 p . 2 
el 

. 2 
e2 s1n s1n 

p cos 2 
el 

2 
e2 p cos c 

p p 2 
91 

. 2 
e2 cos s1n em 

The only change relative to the conventional PSK/PM system is the use 
of a multiplier in the transmitter to form the product of the two binary 
signals s

1
(t) and s2 (t). Since the result is also a binary signal, this 

requires only an AND gate or a chopper, as shown in Figure 2. The receiver 
remains the same, except that in addition to generating the coherent refer
ence signal cos w t, its 90-deg phase shift sin (w t) is also required. In 
this system s

1
(t)cis obtained as in the conventiongl scheme, but s2(t) is 

obtained by m1xing z(t) with sin w t, as shown in Figure 2. c 

The power in the cross-modulation component is now 

(25) 

and 

(26) 



where 

Thus, the efficiency 

1 - P /(P1 
+ P ) 

c c 

. 2 e 
s~n 

1 

(27) 

(28) 

can be made large for all choices of a simply by taking P to be a small 

fraction of P
1

, which is usually the case in practical sy~tems. Moreover, 

it is now advantageous to completely suppress the carrier (e1
_ = 90 deg) and 

achieve 100% efficiency for all ratios a. This can actually~e realized 

because methods for tracking the phase of a su~pressed carrier have been 

developed for the two-channel interplex system . 

A graph of the efficiency of the two-channel interplex system and the 

conventional system as a function of a is given in Figure 3 for several 

values of P /P. Note that, except for very small a, the carrier pm1er 

allocated b~ optimizing the conventional system is more than the amount 

required by the phase-locked loop. 

Multi-Channel Systems. - In anN-channel PSK/PM system the phase-modu

lated RF signal is still 

z(t) = /2P sin [w t + A(t)] 
c 

where 8(t) depends on the modulation scheme. As mentioned earlier, the 

conventional approach is to let 

N 

e(t) =""""' e d (t)sq(w t) L.J n n n 
n=l 

(29) 

where s (t) is itself a binary signal for each n. However, as suggested 

by the ¥wo-channel interplex system, we can let 

e(t) 
N 

= " e v (t) L..J n n 
n=l 

where\! (t) are arbitrary binary waveforms, e.g., 
n 

(32) 

(33) 



if conventional 

(34) 
if interplex 

Clearly, by taking ~1 (t), ..• ,v (t) to be some other binary combination of the n binary data generated si~nals, other modulation schemes are possible. Hm-rever, it can be shown that none yield better efficiency than either the interplex or conventional systems. 

To be more precise, let P be the required RF carrier power and a = Pn/P1 , n = 2, ... , N the powef ratios. We w~nt to determine the modu£ati~n scheme (v (t), n = l, ... ,N) and the modulat~on angles (e1 , ... ,eN) to max~mize the gfficiency 

(35) 

where 

(36) 

Then, the result of such an optimization reveals that 

(1) There is no unique configuration which is superior for all possible values of Nand design parameters Pc' a1 , ... ,~N. 

(2) In all cases the optimum configuration is either interplex, or the conventional scheme, or a scheme whose performance is the same as that of the above two. 

Therefore, the investigation can be narrowed down to these above two schemes. The proof is straightforward but tedious 5 and has been omitted here. 

The optimum modulation angles and data power efficiency for the two schemes are determined as follows: 

(1) Interplex 

(38) 



and 

(2) Conventional 

Let 8' and 8" be the solutions of 

N 

f 1 (e) L (1 + 

k=l 

2 -l 
Q'k tan e) 

N 2 
-1 n (1 + ~ tan e) 

k=l 

N - 1 

p /P 
c 

respectively. Then the optimum convenventional system is determined by 

and 

The resulting efficiency is 

i1 

and the actual RF power allocation is 

which is in general more than originally sought. 

(39) 

(40) 

(41) 

( 42) 

(43) 

(44) 

Which of the two schemes is more efficient depends now on the power 

allocations required as well as on the number of channels. In general, 

interplex is more efficient when N is small. The efficiency of both schemes 

decreases as N increases. However, while the efficiency of interplex ap

proaches zero, the efficiency of the conventional system, although starting 

at a lower value, levels off to some non-zero constant. For example, con

sider the case of (N- l) equal low-power channels, and one high-power link; 

i.e., Q'l = 1 and 0'2 = 0'
3 

= ... = Q'N, The efficiency using interplex is 

l + (N - l)ct 

111 
(45) 

(l + 01 )N-l 

and approaches zero exponentially. However, the efficiency of the conven

tional scheme is 



11c 
[1 + a(N- 1)] sin2 6

1 

( 
2 ) N-1 1 + C/ tan 61 

where261 is computed from equations (39) and (41). As N increases, 
C/ tan B1 - 1/(N - 1) and 

( 
l )-(N-1) '!1R::l---c N - 1 

( 46) 

- 1/e as N - ~ (47) 

where e = 2.718 ... is the base of natural logarithms. Figure 4 shows the comparison graphically. 

Sinewave Subcarrier Performance. - We now consider the trade-off in performance between conventional and interplex modulation when the subcarriers are sinusoidal, i.e., the data modulated subcarriers are 

s (t) = d (t) cos w t n n n 

Substituting (48) into (4) and (20), and retaining only first harmonic terms of the expansion of z(t), we have that 

Conventional Interplex 

pl 2 p 2 
Jl (61) 

2 
Jo ( 62) pl 

2 2 
p2 2 p Jo (el) Jl ( 62) p 

em 

2 2 p p Jo (el) Jo (e2) p c c 

2 2 p 4 P Jl ( 61) Jl ( 62) p2 em 

(48) 

(49) 

where Jk(·) is the Bessel function of order k. Since second and higherorder harmonics have been omitted in (49) because of system bandwidth limitations, the power that is lost due to distortion, i.e., cross-modulation components and higher harmonics, is 

(50) 

A comparison between the maximum data efficiency 

(51) 



of conventional and interplex modulation, as a function of a = P
2
/P

1
, is 

given in Fig. 5 along with the fraction of the total power that J.S 

allocated for the RF carrier, and that which is lost due to distortion. 

When a = 0, each system transfers a maximum of 68 percent of the total 

power into the first data channel, i.e., we obtain the maximum power trans

fer which exists when employing either frequency or time-division multi

plexing, while for 0 < a ~ 1 (dual-channel operation) interplex outperforms 

conventional modulation. The maximum gain in performance, ~ = ~ /~ , ·is 

achieved for a= 1 (equal power channels) and is 1.44 db. I c 

Note that the use of interplex modulation with sinewave subcarriers, i.e., 

for high-data-rate links, automatically allocates at least 4.8 percent 

(Fig. 5b) of the total power to the RF carrier, even if none is required. 

Since this amount is more than sufficient to establish an accurate phase

reference by means of an ordinary PLL, suppressed carrier tracking loops 

will not be necessary for these links. 

Considering N equal power channels, the efficiency (35) of conventional 

modulation is 

~ = 2 N [J (8)]2 [J (6)]2(N-l) 
1 0 

(52) 

where the optimum modulation angle G is given by the differential equation 

For large N, we obtain 

1 
2(N-l) 

as in the squarewave case. 

For interplex modulation, the optimum modulation angles are 

and 

e. "" 1.1613 
]. 

i 2, ... ,N 

~ "" .677N 
(2.l)(N-l) 

Figure 6 shows the comparison graphically. 

(53) 

(54) 

(55) 



Conclusion. - This article presented a multi-channel PCM/PSK/PM modulation scheme called interplex which reduces cross-modulation loss 
and excess carrier re~erence power o~ conventional systems, when the number 
o~ channels is small. In systems with equal channels, interplex is more 
e~~icient when the number o~ channels is less than or equal to 4. The 
number o~ channels which can be combined e~iciently via interplex increases 
i~ there are many low-power channels and only one high-power link. 
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Figure 1. Existing two-channel system 

Figure 2. Interplex two-channel system 
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